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Modern Steam Passenger Locomotives— 
Research and Design 


By P. W. KIEFER,! NEW YORK, N. Y. 


This paper traces the progress of development of pas- 
senger locomotives on the New York Central System from 
the heavy Pacific type of 1925, to the latest combination 
passengerand freight design of 1940, showing the continued 
demand for increased power and the methods used to 
satisfy the requirements. A brief résumé of actual results 
obtained is presented and in conclusion, an expression of 
views is offered on possibilities for further improvement in 
the near future without departure from the conventional 
reciprocating design. 


N RECENT years, much valuable information and data on 

the modern steam locomotive, its elements and adjuncts, 

have been published or otherwise made available by many 
eminent engineers interested in railroad motive power. As a re- 
sult of these painstaking efforts, the subject as a whole and the 
factors into which it subdivides have been particularly well 
covered. Nevertheless, when dealing with the subject of mo- 
tive power from the standpoint of meeting the constantly chang- 
ing needs of the modern railroad, even over a relatively short 
period of time, it soon becomes evident that the problems to be 
faced and solved are both complex and numerous and usually 
urgent. 

With these circumstances indicated, it will be the author’s 
main purpose to review the practical aspects of the problems 
which have been involved in supplying high-capacity steam mo- 
tive power for fast and heavy service on the New York Central 
System during the last 15 years; to recite the several design and 
performance objectives, as determined in advance for this mo- 
tive power; to submit information indicating the extent to which 
these objectives have been attained, as checked through per- 
formance tests under regular passenger-train operating condi- 
tions; and, finally, to express some thoughts on trends for the 
near future in design improvement. 

While many of the problems confronted are similar to those 
encountered on other large railroads and the solutions in a num- 
ber of respects are alike, it is desired to discuss specific matters 
which can be directly handled and to avoid the use of generalities 
so far as practicable. For these reasons, the content of this 
paper has been confined to the motive power of the System with 
which the author is connected. 

It is not the intention to detail the features of the motive-power 
units here included but instead to limit the descriptive matter to 
major characteristics of design, supplemented in some instances 
by reference to special equipment items and to avoid, as far as 
practicable, repetition of what is already well known or is readily 
procurable from various sources. 


HIstTorIcaAL BACKGROUND 


In 1904, when the “Consolidation,” ‘‘Ten-Wheeler,” ‘“At- 
lantic,”? and “Prairie’’ types were still the conventional freight 


1 Chief Engineer, Motive Power and Rolling Stock, New York 
Central System. Mem. A.S.M.E. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, June 16-19, 1941, Kansas City, Mo., of Tus 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Norte: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and passenger locomotives in common use for heavy duty on the 
System, the first of a series of ‘‘Pacifics,” class K-80, was intro- 
duced on the Michigan Central Railroad. During the following 
year, passenger locomotives of the same type were placed in serv- 
ice on the Boston & Albany and on the C.C.C.& St.L. Rail- 
roads. In 1907, the New York Central and the Lake Shore and 
Michigan Southern, now New York Central Lines West, received 
modifications of this tvpe in the form of somewhat larger loco- 
motives, designated as class K-2. 

These engines successfully handled the work assigned to them 
and succeeding lots of the same type were installed until 1911, 
when a somewhat heavier and more powerful Pacific type was 
produced. This design is known as the class K-3, a considerable 
number of which are still in active service. 


ConTINUING DEMAND FOR INCREASED PowER 


Shortly after the introduction of the last of the K-3 class, it be- 
came evident that a further substantial increase in power was 
required and an attempt was made to meet this demand by a 
yet larger Pacific, having 25-in. X 28-in. cylinders instead of 23!/3- 
in. X 26-in., and with firebox and boiler capacity increased 
proportionately. With 79-in-diam driving wheels and a work- 
ing boiler pressure of 200 psi, these locomotives developed a rated 
main-engine tractive effort of 37,650 lb which, by the use of a 
booster, was increased to 47,350 lb. This design was designated 
as class K-5, and, in view of its increased size, hand firing was no 
longer practicable for capacity operation, so mechanical stokers 
were installed. 

The progressive development of the Pacific type from the 
original class K-80 on the Michigan Central, built in 1904, to the 
latest class K-5, built in 1926, is shown in Figs 1 to 5, inclusive, 
the principal characteristics of each typical design being indi- 
cated. Fig. 6 shows the drawbar pull and drawbar horsepower 
versus speed for each of these distinct designs, the curves being 
typical of actual performance on the road under regular opera- 
tion with locomotives in good condition. 

The K-5 class, built in 1925 and 1926, was supplied with a 
tender carrying 15,000 gal of water on two 6-wheel trucks, which 
marked the introduction of the large-capacity tender for System 
passenger operation, the progressive elimination of service stops, 
and the extension of locomotive runs. 

A survey undertaken in 1926 of the facts and conditions as re- 
lated to the necessity for a further increase in the power of main- 
line passenger locomotives, together with considera: ion of probable 
future needs, led quickly to the definite conclusion that a unit 
of an entirely new design and type must be developed. 


A New Tyre Locomotive 


The basic problem presented was to create a design of locomo- 
tive having the following characteristics, as compared with the 
Pacific types heretofore used: 

1 Somewhat greater starting tractive effort with increased 
horsepower capacity and maximum output at much higher speed. 

2 Boiler of ample sustained capacity to satisfy the cylinder 
requirements for maximum power development, under severe 
weather and other conditions. 

3 Weight distribution, wheel loads, and counterbalance to 
be such that impact forces and rail stresses could be confined to 
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CYLS. 22DIA.X 26 STROKE 
BOILER PRESSURE 200 LBS 
MAX. TRACTIVE FORCE 28500 LBS 


| | lt 
pe rele te Sera Vere ei Sie 552 i 3° Fig. 1 Muicuican Cenrrau Crass K-80 
31 yy 33° a 633 Paciric Typp Locomotive, Burtt 1904 
Hse | 
- — 69-8" 
CLASS K80 BUILT 1904 
WEIGHTS HEATING SURFACE 
ORIVERS 142500 LBS. EVAPORATIVE 3283 SQ.FT. ; 
TOTALENGINE 224000 LBS. SUPERHEATED 672 SQFT. 
HORSEPOWER 
MAX.INDICATED !17OOAT 39MPH. GRATE AREA 50.2 SQ.FT. 


MAX.DRAWBAR- !1430AT 35M PH. 


CYLS. 22° DIA X 28°STROKE 
BOILER PRESSURE 200LBS 
MAX TRACTIVE FORCE 291/60 LBS. 


ATER 7500 GALS. 
COAL 12 TONS 


Fie. 2 Cuass K-2A Locomotive, 
Buiut 1907 


CLASS K2A BUILT 1907 


WEIGHTS HEATING SURFACE 
DRIVERS 173,000 LBS. EVAPORATIVE 3789 SQ.FT. 
TOTALENGINE 268,000 LBS SUPERHEATED 724 SQ.FT 

HORSEPOWER 
MAX. INDICATED 2000 AT 45 MPH. GRATE AREA 56.5 SQ.FT. 


MAX.DRAWBAR 1655 AT 40 MPH. 


CYLS. 2342 DIA. x 26" STROKE 

BOILER PRESSURE 200 LBS. 

MAX.TRACTIVE FORCE MAIN ENGINE 30900 LBS. 
. . «BOOSTER 9700 LBS. 


SS a ae | 
WATER-8000GALS. 
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Fie. 3 Crass K-3Q Locomotive, 
BuriuT 1923 


CLASS K3Q_ BUILT 1923 


WEIGHTS HEATING SURFACE 
ORIVERS 194500 LBS. EVAPORATIVE 3424 SQFT. 
TOTALENGINE 295500LBS. SUPERHEATED 832 SQ.FT, 

HORSEPOWER 
MAX,INDICATED 2100AT 45MPH. GRATE AREA 56.5 SQFT, 


MAX, DRAWBAR {720 AT 40 MPH. 
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CYLS. 24°DIA.X 26°STROKE 

BOILER PRESSURE 200 LBS 

MAX. TRACTIVE FORCE MAIN ENGINE 32200 LBS. 
3 BOOSTER S97OOLBS. 
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CLASS K3R_ BUILT 1925 


WEIGHTS 
DRIVERS 169,000 LBS. 
TOTALENGINE 278,000 LBS. 


HORSEPOWER 
MAX.INDICATED 2140 AT 45MPH. 
MAX. DRAWBAR 1750 AT 40 MPH. 


HEATING SURFACE 


EVAPORATIVE 3421 SQFT. 
SUPERHEATED 839 SQ.FT. 
GRATE AREA 50.7 SQ.FT. 


Fia. 4 Crass K-38r Locomotives, Burtt 1925 


CYLS. 25°DIA.X 28°STROKE 

BOILER PRESSURE 200LBS. 

MAX.TRACTIVE FORCE MAIN ENGINE 37650 LBS. 
9700 LBS. 


BOOSTER 


ATER 1SOOOGALS 
COAL 16 TONS 


82" = 62" 
Bent" 


CLASS K5B BUILT 1926 
HEATING SURFACE 


WEIGHTS 
ORIVERS 185,000 LBS. 
TOTALENGINE | 302,000 LBS. 


HORSEPOWER 
MAX. INDICATED 3200 AT S4MPH. 
MAX DRAWBAR 2530 AT45M.PH. 


EVARORATIVE 3952 SQ.FT. 
SUPERHEATED 1150 SQ.FT. 
GRATE AREA 67.8 SQ.FT. 


Fie. 5 Crass K-58 Locomotive, Buiir 1926 


lower limits than heretofore observed, thus contributing to higher 
standards of track maintenance and obtaining better train 
riding characteristics. 

4 Increased thermal efficiency. 

5 Clearances to permit operation without restriction on the 
various parts of the System. 

6 Symmetrical appearance with smooth lines, free from the 
effects of miscellaneous appliances, piping, and other details. 

7 A high degree of reliability for uninterrupted service under 
conditions of dense traffic, especially on the eastern section of the 
System, requiring relatively simple but adequate machinery, 
combined with the use of well proved auxiliary equipment, such 
as feedwater heaters and mechanical stokers. 

After the preparation of several preliminary designs, in which 
the American Locomotive Company, the Superheater Company, 
and others cooperated to the fullest extent, the conclusion was 
reached that the objectives could be most efficiently attained by 


using a 4-6-4 wheel arrangement which would satisfy the require- 
ments for capacity and weight and avoid the addition of a fourth 
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pair of driving wheels, with a resultant increase in size, weight, 
and first cost, as well as higher maintenance costs. 

This arrangement represented the first 6-driver locomotive, 
built with 4-wheel leading and trailing trucks for service in 
America. 

To meet the demand for exceptional steaming capacity at sus- 
tained high speed with heavy load, the size and proportions of 
the boiler were given first consideration, ample heating surfaces 
being essential, with extra-large superheater and a grate area 
sufficient to insure an economical rate of firing under maximum 
conditions of steam generation. To carry the added weight thus 
imposed on the rear of the locomotive, without excessive loads 
on trailing or coupled axles, the 4-wheel trailing truck was used, 
thus securing the advantage of providing for large firebox ca- 
pacity with comparatively light individual axle loads and conse- 
quent low rail stresses. The boiler as finally designed had the 
following general dimensions and proportions: 


Firebox 130 in. long X 90!/,in. wide 

Volume of firebox, 428 cu ft 

Diameter of boiler at smokebox, 827/1¢ in. 
Diameter of boiler at back tube sheet, 875/s in. 
Tubes, 201-31/2 in. and 37—2!/,in., 20 ft 6 in. long 
Heating surface; tubes, 4203 sq ft 

Heating surface; firebox, 281 sq ft 

Heating surface; total, 4484 sq ft 

Superheater, type E; heating surface 1951 aq ft 
Gas area through flues and tubes, 9.67 sq ft 
Grate area, 81.5 sq [t 


In developing the boiler design, the provision of a combustion 
chamber was carefully considered but, because of serious difficul- 
ties then being experienced with riveted-seam construction, it 
was finally omitted. 

To reduce the pressure drop and other losses and to provide 
for more efficient use of the steam in the cylinders, the steam and 
exhaust passages were enlarged, as compared with the K-5 
Pacific type, and a front-end throttle was installed. A large- 
volume steam chest with valves 14 in. diam, similar to those of 
the K-5 type, was retained. 

Other special features included air compressors mounted on the 
front deck for improved weight distribution and, for the first 
time, a specially designed cast-steel pilot and drop coupler, pro- 
viding a surface free from the projection of coupler and pocket for 
clearing effectively possible obstructions on the right of way. 


CYLS. 25D1A. X 28° STROKE 

BOILER PRESSURE 225LBS. 

MAX. TRACTIVE FORCE MAINENGINE 42360 LBS. 
10900 LBS. 


” * ° 


BOOSTER 
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The centrifugal-type boiler feed pump was first introduced on 
this design with the heater located in a recessed portion of the 
smokebox top and a large portion of the piping placed under the 
jacket. Careful attention was given to the arrangement of con- 
trols and gages in the cab for convenient access and clear vision. 

Fig. 7 illustrates the last of the J-1 class as received in 1931 
and also shows the principal engine dimensions and proportions 
of the design as finally determined for the first sample J-1a, No. 
5200,? built in 1927, except that the weight on drivers was 182,000 
lb and total engine weight was 343,000 lb. A tender with 4-wheel 
trucks was used with this first engine having a capacity of 10,000 
gal of water and 18 tons of coal. 

From 1927 to 1931, a total of 205 of these locomotives, desig- 
nated as the ‘Hudson’ type, were received and placed in 
service. 

Subsequently, all of the J-1 class were dynamically counter- 
balanced to provide smoother operation and to permit the use of 
shorter running cutoff, as well as to improve the track effects. 
Roller bearings were installed on all engine and tender trucks and 
to the drivers of eight locomotives. All engines received speed 
recorders, later augmented by cutoff-selection equipment. 

Cast-steel beds with integral cylinders were applied, the en- 
gines already being equipped with one-piece cast-steel tender 
frames, engine-truck, trailer-truck, and tender-truck frames. 
The substitution of integral construction for the multiple-bolted 
parts of earlier locomotives eliminated a large number of bolts 
and contributed to increased availability and continuity of opera- 
tion with substantial reduction in maintenance costs. 

At the end of 1940, a total of 437 locomotives of this 4-6-4 type 
had been placed in service in the United States and Canada, in- 
cluding the 275 on the New York Central System. The total 
weight in working order for each of these locomotives ranged 
from 310,000 to 415,000 lb, with corresponding variations in 
maximum tractive force. 


PERFORMANCE AND Capacity Tssts, J-1 Hupson Versus K-5 
Paciric TyPp 


Class J-1a No. 5200 was subjected to complete performance 


2 “First Hudson Type Locomotive,”’ Railway Age, vol. 82, 1927, pp. 
523-526. 
‘Hudson Type Locomotive on N.Y.C.,” Railway Mechanical 
Engineer, vol. 101, 1927, pp. 139-141. 
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CLASS Ji€ BUILT 1931 
WEIGHTS HEATING SURFACE 
DRIVERS 190700 LBS. EVAPORATIVE 4484 SQ.FT. 
TOTALENGINE 358,600 LBS. SUPERHEATED {951 SQ.FT. i 
HORSEPOWER 
MAX.INDICATED 3900 AT G7 MPH. GRATE AREA 81.5 SQ.FT 


MAX. DRAWBAR 3240 AT 58 MPH 


Fie. 7 Crass J-1E Locomortivz, Burtt 1931 
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and capacity tests shortly after delivery in 1927. Because of 
the total engine weight being held to 348,000 lb and the smaller 
and lighter tender used, this locomotive delivered a maximum 
drawbar horsepower of 3300 at 58 mph. However, subsequent 
improvements already referred to increased the weight of the 
Hudson-type locomotives and, consequently, the principal test 
results here given are for the last-built and heavier class J-15 
tested in 1937. 

The complete performance and capacity tests of classes J-1n 
(No. 5339) and K-58 (No. 8363) were conducted under spring 
and summer weather conditions over the Mohawk Division of 
the New York Central between Albany and Syracuse, a distance 
of 140 miles. This division is generally representative in profile 
and operating characteristics of the main line between New 
York and Chicago with the exception of the severe though com- 
paratively short grade westbound between Albany and West 
Albany, a distance of about 3 miles, where the maximum grade 
is 1.63 per cent on a curvature of 3'/2 deg. With a total rise 
westbound of 384 ft in the 140-mile division over a rolling profile, 
the average grade is 0.05 per cent with a maximum of about 0.5 
per cent for approximately 1.5 miles westbound and about 0.75 
per cent for slightly over 2 miles eastbound. 


All tests were made under regular-road-service conditions of’ 


operation, the trains consisting of empty standard steel passenger 
coaches varying in number from ten to twenty which, with a 
dynamometer car, provided train weights of 780 to 1465 tons. 
These trains were selected as representative of normal daily 
operation expected of the locomotive. Average test results 
demonstrated that the class J-1 Hudson type surpassed all pre- 
vious New York Central locomotives in maximum horsepower, 
coal and water consumption per horsepower, weight per horse- 
power, and over-all efficiency. 

A comparison of the principal results obtained for a single di- 
vision run with representative trains is given in Table 1. It 
should be especially noted that, except for the maximum-power 
characteristics which may be duplicated at will with full boiler 
pressure and locomotive in good condition, the results shown are 
on the basis of over-all averages for the complete division runs, 
and indicate regular daily service performance rather than maxi- 
mum values for short periods or under controlled conditions for 
the separate items. 


TABLE 1 COMPARISON OF TEST RUN FOR K-5 AND J-1 LOCO- 
MOTIVES 


Maximum power © Improvement, 
K-5 J-1 J-1, per cent 
Tractive effort with booster, lb.... 48750 55100 13.0 
Main-engine tractive effort, lb..... 40000 45400 13.5 
Main-engine drawbar pull, lb...... 37000 41300 11.6 
Cylinder horsepower.........2.0. 3200 3900 22.0 
at 54 mph at 67 mph 24.1 
Drawbar horsepower.........-+2+ 2530 3240 28.1 
at45 mph at 58 mph 28.9 
Average-performance data 
Number of carsand weightintons. 15-1053 18-1244 os 
Average working speed, mph...... 61.2 55 ci 
Average firing rate, lb dry coal per 
Ra comers. eon Botha Mase alone 5867 6940 
Water delivered to boiler, lb per hr 40636 57200 oe 
Evaporation per lb of dry coal, Ib. . 6.94 8.24 18.7 
Combined efficiency—boiler, feed- 
water heater and superheater, per 
CONG He cis rete isyatic useless ola. atse 67.8 74.6 10.0 
Steam per indicated horsepower- 
hour, Ib 
Cylinders only.......cccccesce 15.42 15.44 
Including auxiliaries........... 17.00 17.28 
Dry coal per indicated horsepower- 
our, 
@vlinders! ON deste cre ste's clsiers/e 2.22 1.94 12.6 
Including auxiliaries........... 2.46 2.10 14.6 
Coal as fired per car mile, ]b....... Toe, 7.03 2.6 
Weight per indicated horsepower, lb 94 90 4.3 
Based on working-order weight, 
Mee eretate eretcineinnt s = ale a ereieie oie 302000 352000 


Comparative curves representing the drawbar pull and draw- 
bar horsepower versus speed are shown in Fig. 8, which also 


includes curves for locomotives of more recent design as discussed 
later. With a starting effort approximately 12 per cent greater 
than the K-5, increasing to 37 per cent more at aspeed of 70 mph, 
and with an increase of 28 per cent in maximum drawbar horse- 
power at a speed 29 per cent higher, the weight per horsepower of 
the J-1 Hudson type has been decreased. 


Tue ImproveD Hupson Types, Cuiass J-3 


As early as 1931, when the last of the J-1 class was built, con- 
sideration was already being given to the future development of 
this type in anticipation of greater power demand necessitated 
by the constantly increasing weight of trains and shortening of 
schedules. In order to reduce weight and also to gain some ex- 
perience in the use of alloy steel of high tensile strength, with a 
view toward increasing the steam pressure, three of these loco- 
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motives were equipped with nickel-steel boilers. Two of the 
three also had roller bearings on all wheels except on the trailing 
truck, and the entire lot had roller bearings on the engine truck 
and tender wheels. 

Subsequently, one of the three, No. 5344, received lightweight 
roller-bearing rotating and reciprocating parts and the counter- 
balance was reduced proportionately, providing lower rail 
stresses and improved riding qualities. At this time, the boiler 
pressure was raised from 225 to 250 psi and the cylinders were 
bushed to preserve the same starting tractive effort and adhesion 
factor as on others of the same class. 

As previously explained, successive lots of the J-1 class had re- 
ceived various improvements when built and subsequently with 
gradual increase in the weight of engine and tender. The weights 
of the original class J-1a and the latest class J-1m compare as 
follows: 


Original J-1a Latest J-1E 
Engine truck sb. aises se citetiaiet tee 63500 65700 
Drivers; UD tcc \c'e sieve olers aysre.c:cverorcielsle 182000 190700 
Four-wheel trailing truck, lb......... 97500 102200 
Total engine, working order, lb....... 343000 358600 
Tender, fully loaded, lb............. 212200 305600 


On the basis of the J-1 test results, the experience accumulated 
with the altered locomotives of this class, and other considera- 
tions, the general objectives for the new design were set as 
follows: 


1 Maximum cylinder horsepower approximately 20 per cent 
greater at a much higher speed. 
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CYLS. 22/2DIA.X 29°STROKE 
BOILER PRESSURE 275 LBS. 
MAX.TRACTIVE FORCE MAIN ENGINE 43440LBS, 
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CLASS J3A_ BUILT 1937 


WEIGHTS 
DRIVERS 201,500 LBS. 
TOTALENGINE 360000LBS. 


HORSEPOWER 
MAX.INDICATED 4725 AT 75MPH, 
MAX.DRAWBAR 3880 AT G5 MPH. 


HEATING SURFACE 


EVAPORATIVE 4187 SQ.FT 
SUPERHEATED 1745 SQFT 
GRATE AREA 82.0 SQ.FT, 


Fia. 9 Crass J-3A Locomorivn, Buri 1937 


2 Boiler pressure 275 psi versus 225 psi. 

3 Equal main-engine starting tractive effort, with some addi- 
tional help from booster because of increased pressure. 

4 Boiler and superheater proportioned for higher capacity 
demand and to insure ample supply of steam under all conditions. 

5 Approximately same over-all length and clearance limita- 
tions. 

6 Highest capacity tender possible within the then total 
length limitation. 

7 Least possible increase in weight, and weight distribution 
no less favorable from track standpoint. 


Careful study of the situation indicated that, with the utmost 
attention to all details of design, these objectives could be at- 
tained and still adhere to the 4-6-4 wheel arrangement rather 
than using another pair of driving wheels, thus effecting sub- 
stantial savings in size, weight, first cost, and operating expense. 

In the development of the new design, the cooperation given 
by The American Locomotive Company, the Superheater Com- 
pany, the Timken Roller Bearing Company, and others was of 
the utmost value. 

Fifty of these locomotives were built in the fall of 1937 and 
the spring of 1938, ten of which were streamlined and five of 
these had roller bearings on main and side rods. The principal 
dimensions and proportions? are shown in Fig. 9. 

As indicative of the design characteristics of the boiler, with- 
out elaboration of the details, the following information is given: 

Material, nickel steel 

Working pressure, 275 psi 

Firebox, 130!3/isin. long X 901/4in. wide 

Volume of firebox, 519 cu ft 

Diameter of boiler at snokebox, 805/s in. 

Diameter of boiler at back tube sheet, 911/2 in. 

Combustion chamber, 43 in. long 

Tubes, 183-31/2 in. and 59-2!/,in., 19 ft long 

Heating surface; tubes, 3827 sq ft 

Heating surface; firebox, 360 sq ft 

Heating surface; total, 4187 sq ft 

Superheater, type E; heating surface 1745 sq ft 

Gas area through flues and tubes, 8.91 sq ft 

Grate area, 82 sq ft 


+ “New N. Y. C. Locomotives Show High Power Concentration,” 
Railway Age, vol. 104, 1938, pp. 597-605. 

“The New York Central Receives Fifty Powerful 4-6-4 Loco- 

motives,”’ Railway Mechanical Engineer, vol. 112, 1938, pp. 165-173. 


With a boiler pressure of 275 psi, cylinder sizes of 221/, in. diam 
and 29 in. stroke were fixed to produce a main-engine starting 
tractive effort of 43,440 lb, slightly more than the 42,260 lb of 
the J-1 class. The booster provided an additional 12,100 lb 
starting effort. A large-volume steam chest with 14-in-diam 
valves, similar to the J-1 class, was retained but the steam pas- 
sages from dome to exhaust were enlarged in proportion to the 
cylinder area to provide free passage of the steam and reduce 
losses in transmission. 

Special design and equipment features were as follows: 


Roller bearings applied to all wheels. 

Reciprocating parts of special lightweight design. 

Revolving parts reduced in weight. 

Dynamic counterbalancing. 

Reverse-gear cylinder located on center line of engine to assist 
in reducing irregularities or inequalities in valve travel due to de- 
flection or other causes. 

Speed recorder and cutoff-selection equipment. 

Rubber twin-cushion double-acting draft gear at rear of tender 
to eliminate free slack in both directions of gear movement sub- 
stituting controlled resiliency to obtain smooth and efficient 
operation of trains. The ten streamlined engines received tight- 
lock couplers. 


The requirements for increased cylinder power and consequent 
greater boiler capacity and higher working steam pressure, to- 
gether with the roller-bearing equipment, improved brakes, 
additional sand-box capacity, and certain minor items, indicated 
a weight increase of about 14,750 lb over that of the latest class 
J-1n, but, as previously stated, one of the major objectives was 
to hold the weight as closely as possible to that of the J-1 class 
and to accomplish this the following features were incorporated 
in the design: 


Nickel-steel boiler-shell sheets. 

Cast-steel unit-bar grates. 

High-tensile-steel drop coupler. 

Cor-Ten steel main air reservoirs, 

Aluminum cab, running boards, casings, and gage board. 
Magnesia-block lagging of light weight. 

Tubes and flues to close tolerance, 

Booster exhaust piped to tender instead of to stack. 
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Integral cast-stee] frames and cylinders, cradle, engine-truck 
and trailing-truck frames of lightened design. 
Lightweight new-design valve gear. 


Lightweight reciprocating parts and alloy-steel rods also con- 
tributed to the saving in weight. 

The resulting weight reduction amounted to 13,350 Ib, making 
the net addition only 1400 lb with a total weight of engine in 
working order of 360,000 Ib, of which 201,500 lb were placed on 
the drivers. 

With this total weight and the distribution obtained, together 
with the use of reduced-weight rotating and reciprocating parts 
and dynamic counterbalancing, the calculated stresses on the 
track structure were satisfactory and well within permissible 
limits. 


PrrrorMaNcp AND Capacity Tusts, J-3 Versus J-1 


The tests of the J-3 were conducted with engine No. 5408 dur- 
ing the last 3 months of 1987, over the Mohawk Division under 
regular service conditions of operation, the trains consisting of 22, 
17, and 10 cars, which with the dynamometer car, furnished 


TABLE 2 PERFORMANCE OF J-3 CLASS LOCOMOTIVE COM- 


PARED WITH J-1 CLASS 


Maximum power Improvement, 
J-1 J-3 J-38, per cent 
Tractive effort with booster, lb.... 55100 55000 ae 
Main- -engine tractive effort, ‘lb howe 45400 45000 ae 
Main-engine drawbar pull, Tia 41300 41500 se 
Cylinder horsepower........... 8900 AT25 21.1 
at 67 mph at 75 mph 11.9 
Cylinder horsepower per pair of 
COMIN De WHSELR GE. Chicos cplebtaces 1300 1575 21.1 
Drawbar horsepower............. 8240 8880 19.75 
at 58 mph at 65 mph 12.1 


Average performance, 
division run of 140 miles 
Number of cars and weightin tons, 18-1244 18-1253 
Working speed, mph............. 55 59 


Firing rate, dry coal per hour, ltb.. 6940 6419 
Water delivered to boiler per hour, 
MUON avec N aahtatnt 6.5.0 clea. 8 Gey 0) 57200 54900 
1s saat per pound of dry coal, 
APM IGLALATAMML S eae CAieae Meal Taste Abe 8.24 8.32 LG 
Gonbined efficiency; boiler, feed- 
water hoater, and superheater, por 
BONS esa (eRe SRE CONN nie 74.6 76.3 2.3 
Steam per indicated horsepower- 
hour, lb 
ontg UEC CHES 6A 15.44 14.76 4.4 
Including auxiliarios........... 17.28 16.89 2.3 
Dry coal per indicated horsepower- 
hour, Ib 
QUO ana ON W eu det Nrtis arsio es 1.94 1.84 56.15 
Including auxiliaries........... 2.10 2.08 3.3 
Coal fired per car mile, Ib... 6... 6. 7.03 6.21 bE Ae 
aes por indic ated horsepower, 
Nag URE WEIR ETD 90 76 15.5 
Based on weight of engine in 
working order, as tested, lb... 852000 860000 
weights back of the tender of 1609, 1244, and 766 tons, or heavy, 


medium, and lightweight trains. 

The principal results of representative performance are given 
in Table 2, the figures for the class J-1 being repeated for ready 
comparison, 

The drawbar pull and drawbar horsepower throughout the 
speed range are included in Fig. 8, with other types for compari- 
son, Tig. 10 also shows the cylinder tractive effort and horse- 
power for the J-3 class only. : 

While the same main-engine starting tractive effort has been 
obtained in the new design, as desired, the drawbar pull at 70 
mph has increased nearly 25 per cent, and the maximum draw- 
bar horsepower is 20 per cent greater at a speed 12 per cent higher 
than the J-1. Coal and steam consumption per horsepower-hour 
have been decreased with a reduction of 15 per cent in weight per 
horsepower. An average thermal efficiency of 6.06 per cent at 
the drawbar was obtained for a complete division run, correspond- 
ing to 9.6 per cent at the cylinder. 


TeaerMa. Eerrcrmncy av Tenner DrawsBar Rererrep To Fur. 


Reference to this value for the conventional-design steam lo- 
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comotive usually affords an opportunity for considerable argu- 
ment, although it is a fact that, during recent years, gradual im- 
provement in this respect has been achieved. 

Without questioning the fact that it is highly desirable to im- 
prove this performance characteristic, it is prudent to review 
some of the reasons for the relatively low thermal-efliciency 
value, and to consider the practical advantages inherent in this 
form of motive-power plant. 

The conventional locomotive is a noncondensing self-contained 
and self-propelled unit, confined within close and definite limits 
of weight, height, width, and in most cases length, because of 
operating clearance and load limitations. The necessarily high 
horsepower requirement naturally is accompanied by a high 
combustion rate and Btu heat release per cubic foot of firebox 
volume per hour. Furthermore, this complete power plant, in- 
cluding all auxiliary equipment and its own fuel and water supply, 
is handled successively by different crews of only two men each 
at high speeds in dense traffic under widely and rapidly fluctuat- 
ing load requirements. 

Steam-locomotive efficiency at the tender drawbar is affected 
by the non-power-producing wheels and by the weight carried 
thereby. The modern tender when fully loaded may represent 
the equivalent of 11/2 loaded 70-ton coal cars or more. However, 
the hauling of this nonadhesive weight is amply justified through 
sustained power output and the attendant advantages obtained. 

Simplification of design, particularly with respect to cylinders 
and valve gear, penalizes the thermal efficiency, but repayment 
is secured and augmented in terms of high serviceability and rea- 
sonable freedom from excessive maintenance troubles. Moder- 
ate first cost for an active motive-power unit is essential unless 
the net return on additional investment can be clearly estab- 
lished. The measure of the value of a locomotive is its use, idle 
motive power representing a total loss of investment and a con- 
stant expense. It is currently demonstrated that economically, 
maximum over-all-performance efficiency is secured through the 
use of a unit capable of providing uninterrupted service and con- 
sistently high mileage throughout its life, with the best available 
design of boiler, cylinder, and related parts to fulfill these condi- 
tions. 

Surrrina Tusts 


As previously noted, the J-3 class was equipped with roller 
bearings throughout, including the driving wheels. The pos- 
sibility was recognized that forced vibrations of the unsprung mass 
of the closely fitted roller-bearing driving-wheel assemblies 
caused by the overbalance and the elastic foundation of the track 
structure might be sufficient during high-speed slipping to cause 


8 TRANSACTIONS OF THE A.S.M.E. JANUARY, 1942 
a) i") dias iis 
ep Samoa Wer Sie Ie do 
90 APERATURE—O SS 700 
SS — , 
= iG Same: 
- 
~ 50 
80 ri 0 ws 
fr 
le ogee Line at 
3 JT greata race evunnegs tT _ 
DIAPHRAGM- ie Wopsactle MSS al 300 § 
ee ee pl : 
w 7 
B md aA sce 
a . 
Siete ied DS Be | | olf At oe ag 
5 al : 
2 oo Za i hes 
STANDARD - lo + 
FRONT ENO ARRANGEMENT g = —— 220 
62 DIA. EXHAUST NOZZLE 8 | 4 | ayer 
with £ BASKET BRIDGE é AA |} — Ee 
BRICK “ARCH OPEN AT 1 50 x ee SI 205 
a a, 
nm] L Z| ee ta £ 
Mea MMB es oe! ; 
oe 41 A 4 16 z 
3 40 = ims ES 
17408029482 eee 
a BAL a = al Pe ie ee 14 
: i eae le ea 
< 4 = 
¥ 40 4 2s 
a Ae: Ae aml 
CT Our ot ea lo + 
9X 227 HIGH 5 ra 
EACH SIDE rR fs] 
20 we 8B « 
ae Z mE 
ZS LZ 6 = 
A al abe il] : 
IMPROVED 10 4 6 
ONT ———<—— z 
FRONT END ARRANGEMENT ie Be | _}_+— 
75 DA. EXHAUST NOZZLE == ire jee) ‘ 
WITH 3 BASKET BRIDGE SSS = eS 2 i 
BRICK ARCH CLOSED AT < 
THROAT SHEET (7-8-8-8-7 ROWS) 0 ae 
4 5 S 7 8 S) 10 snl 12 13 14 1S 


COAL RATE AS FIRED - 1000 POUNDS PER HOUR 


Fie. 11 


the wheels to lift from the rail. Freedom from lost motion and 
smooth-running machinery are highly desirable characteristics 
of this type of driving-wheel-and-axle assembly, and in order 
definitely to determine (1) the rotational speed at which the driv- 
ing wheels actually lift from the rail, and (2) whether this speed 
would approach or possibly fall below the maximum recorded 
slipping speed of 120 mph on this class of engine, a program of 
slipping tests was formulated and conducted in April, 1938, on a 
short stretch of main-line track with a train of eight cars for trail- 
ingload. The rail was 127-Ib section on rock ballast as later de- 
scribed under ‘‘Track Tests, L-2p Converted.” 

To promote slipping, the heads of both rails were greased be- 
fore each run for a distance of 230 ft. Scratch gages to measure 
rail deflection and movement of driving boxes with respect to 
frame were located at marked positions on the rail and on the 
locomotive. The train speed and the maximum revolving speed 
of the driving wheels during slips were obtained by a positively 
driven electrical speed indicator of the Weston generator type, 
and high-speed motion-picture cameras were used to record any 
lifting of wheels from the rail. 

Four test runs were made at train speeds varying from 61 to 82 
mph and with maximum slipping speeds of 123, 180, 135, and 164 
mph while working steam. In the three tests at the lower speeds, 
there were no indications that the wheels had lifted. In the final 
test at 164 mph, the main drivers definitely left the rail and later 
examination disclosed a number of very slight markings on the 
rails which were without significance and had no disturbing ef- 
fect on the track structure requiring attention of maintenance 
forces. 

No damage to the locomotive occurred in any of these tests 
and the two questions postulated were definitely answered be- 
cause the rotational speed of 164 mph necessary to lift the wheels 
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from the rail exceeded by 44 mph the highest known slipping 
speed of these engines. 


SUBSEQUENT IMPROVEMENTS IN BoILER CAPACITY AND ENGINE 
EFFICIENCY 


In the year 1937, a series of standing tests was undertaken to 
determine the extent to which improvement in capacity and ef- 
ficiency of the class J-1 and J-3 boilers and cylinders could be 
secured by redesign of the smokebox arrangement. The primary 
objectives were to increase the capacity of the boiler, accompanied 
by a reduction in back pressure, which would be reflected in in- 
creased cylinder horsepower and efficiency. Prior to this time, 
standing tests had been conducted and had furnished valuable 
information but were not conclusive because no means had been 
developed for reducing the temperature of the exhaust steam cor- 
responding to the temperature drop, when mechanical work was 
being performed under service conditions. ; 

In the tests under consideration, this reduction in temperature 
was effected and controlled through the medium of a spray of 
water mist introduced into the cylinders, the water being subse- 
quently removed, so that the condition of the exhaust steam 
during the standing tests was made identical with the thermal 
conditions experienced in road service.‘ 


* A complete description of the apparatus used and results obtained 
was presented by W. F. Collins, Engineer of Tests, New York Cen- 
tral System, at the 1940 Annual Meeting of the Railway Fuel and 
Traveling Engineer’s Association. Reports were published as fol- 
lows: 

“Standing Locomotive Tests of the New York Central,” Railway 
Age, Jan. 18, 1941, pp. 177-181, 186. 

“New York Central’s Standing Locomotive Tests,” Railway 
Mechanical Engineer, part 1, Feb., 1941, pp. 56-59; part 2, March, 
1941, pp. 96-100. 
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Several different smokebox arrangements were tested during 
these experiments, which were first conducted on J-1 No. 5224 
at the Selkirk Engine Terminal. The design finally approved as 
producing the best performance is shown in Fig. 11, the previous 
standard arrangement also being shown, together with curves 


TABLE 3 SMOKEBOX TESTS FOR J-1 AND J-3 LOCOMOTIVES AT 
MAXIMUM EVAPORATION RATE 


——J-1 Class——. ———J-3 Class——\ 
no. Original Improved Original Improved 


1 Coal fired per hour, Ib.... 12300 14500 14700 14200 
2 Coal fired per square foot of : 

grate area per hour, |b... 151 178 179 173 
3 Water evaporated per hour, 

Homa ehais cles oars ekrsis 76800 85500 84500 92000 
4 Increase, Item 3, per cent. re 11.3 ae 8.9 
& Evaporation per pound of 

conll fired, Wostecsc ss. = 6.24 5.89 5.76 6.48 
6 Exhaust passageway pres- 

SUPE spain cele. susie ee + < 22.3 21.4 25.3 24 5 
7 Decrease, Item 6, per cent. ae 6.4 a 3.2 
8 Firebox draft, in. of water 2.7 3.4 2.8 3.2 
9 Combined efficiency, boiler 

and superheater (dry 

coal basis), per cent.... 56.8 52.6 53.0 56.0 

10 Diameter of basket-bridge 
exhuust nozzle, in....... 63/4 73/s 63/4 7 


TABLE 4 SMOKEBOX TESTS FOR J-1 AND J-3 LOCOMOTIVES, 
AVERAGE VALUES 


——J-1 Class——~. ———J-3 Class—— 
no. Original Improved Original Improved 


1 Coal fired per hour, Ib..... 7131 7131 7175 7175 
2 Cval fired per square foot of 
grate area per hour, lb... 87.5 87.5 87.5 87.5 
3 Evaporation per pound of 
coalifired; Io s.cu reek e: 7.87 7.90 7.89 7.82 
4 Exhaust pressure, psi...... 12.5 10.3 12.0 9.3 
5 Decrease, Item 4, per cent. oS 17.6 re 22.5 
6 Firebox draft, in. of water 1.8 2.2 1.6 1.4 
7 Combined efficiency, boiler 
and superheater (dry 
coal basis), per cent..... 68.5 70.0 69.4 67.8 
8 Combustion efficiency (dry 
coal basis), per cent..... 86.0 87.8 86.0 88.1 
Diameter of basket-bridge 
exhaust nozzle, in....... 63/4 73/s 63/4 7 
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(Original front end, 72/s-in. nozzle.) 


illustrating the comparative performance. 
lar information for the J-3 class. 

Tables 3 and 4 outline briefly the principal results for both the 
J-1 and the J-3 classes, the data being given at, maximum evapora- 
tion rates and also for an average firing rate of about 7100 lb per 
hr, corresponding to 87.5 |b of coal per hr per sq ft of grate area. 

While the combined efficiency of the boiler and superheater is 
shown as lower for the J-1 with the improved front end, this is 
due to the much higher coal rate made possible with this front 
end. The maximum evaporation has been increased about 11 
per cent, with a decrease in back pressure of 6 per cent. 

For the class J-3 the combined efficiency of the boiler and su- 
perheater is increasec slightly at approximately the same coal 
rate, and at the same time the maximum evaporation is increased 
almost 9 per cent with some reduction in back pressure. 

The fundamental means of accomplishing these results was by 


Fig. 12 shows simi- 
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Fig. 14 CHARACTERISTICS AND PRINCIPAL DIMENSIONS OF L-2D Ciass Locomotivss, Buriut 1n 1930, AnD CONVERTED IN 1939 


providing a smokebox arrangement which, with the proper rela- 
tion of exhaust nozzle and stack, resulted in moving a greater 
quantity of gas with the same quantity of steam. 

Under average conditions of firing, representing normal opera- 
tion of the locomotive, the evaporation and efficiency of the boiler 
have been maintained with a reduction in exhaust pressure, 
which is reflected in increased cylinder horsepower and over-all 
thermal efficiency. 

Fig. 13 has been prepared to show graphically the results from 
a road dynamometer test and a standing test for the same class 
J-1 locomotive with identical arrangement of smokebox, fire- 
box, and exhaust nozzle, illustrating the close degree to which the 
standing tests duplicate the thermal conditions which occur when 
steam is used during road operations. 

As a result of the experiments, installations of the improved 
design of front-end arrangement have been proceeding and ap- 
proximately 520 engines are now equipped. 


CONVERSION OF Two 4-8-2 LocomMoTiIvEs FoR PASSENGER 
SERVICE 


With the full complement of 275 Hudson type on the System, 
it was found that the passenger traffic could be handled satis- 
factorily under normal conditions but that, during peak periods 
in the holiday seasons, it was necessary to use some of the older 
K-3 Pacific type for the excess trafic. As these units were 
gradually retired and assigned to secondary or branch-line serv- 
ice, there remained an insufficient number available for this 
supplemental operation and, as the trains handled often de- 
manded greater power than these engines possessed, they were 
not satisfactory for this purpose. 

For these reasons the 4-8-2 Mohawk-type freight engines, class 
L-2, were occasionally used in emergency passenger service dur- 
ing heavy-traffic periods but were limited to 60 mph due to riding 
qualities and the difficulty of maintaining satisfactory running 
conditions with the friction-bearing driving boxes. 

These engines were built during the years 1926 to 1930. When 
the acquisition of new freight power was lately under considera- 
tion, necessitating complete review of the design, with a number 
of important changes, the question arose as to whether the new 
design could be so arranged as to preserve the general character 
of freight locomotives and at the same time serve satisfactorily 
in passenger service during periods of peak traffic. Such addi- 


tions to the freight motive power would also accomplish an in- 
crease in the available passenger power without actually involving 
additional units, designed especially for passenger service. 

Consideration was given to the design and construction of a 
sample locomotive to be given a thorough test and trial but, be- 
cause of the time involved and the complications usually present 
in an undertaking of this kind, it was decided that one or two of 
the L-2 class should be converted for high-speed passenger serv- 
ice, thus making possible early development of experience back- 
ground for the design of the new engines, an order for which could 
then be placed without undue delay. 

Two of the L-2 class, Nos. 2995 and 2998, were selected for this 
purpose and the following principal changes were made to provide 
satisfactory operation in passenger service at speeds of 80 mph 
and at the same time maintain suitability for freight operation 
equal to the L-2 class: ; 


1 Boiler pressure increased from 225 to 250 psi. 

2 Cylinder diameter reduced from 27 in. to 25/2 in. for 
starting tractive effort equal to the L-2. 

3 Lightweight reciprocating parts. 

4 Dynamic counterbalancing of all drivers. 

5 Roller bearings on engine truck, tender truck, and drivers 
on No. 2998. 

6 Roller bearings on engine truck and tender truck on No. 
2995. 

7 Coal pushers in tender. 

8 Lateral-motion device on front drivers. 

9 Improved radial buffers between engine and tender. 

10 Cast-steel pilots and drop couplers. 


The weights before and after conversion were as follows: 


Weight in working order, lb L-2 Freight L-2 Converted 
Hngine truck, . .esiree eae 59150 65400 
WITIV ECs canes & ek elem ieas 250000 257000 
Trailing tricks -octeese cee ae 61000 62700 
Total’engine. Snes <,oste rab oe 370150 385100 


The two locomotives were released for service in August, 1939, 
and have been successfully handling main-line passenger trains 
since that time, except that one of them was removed from serv- 
ice for exhibition at the World’s Fair throughout the 1940 sea- 
son. As of December 31, 1940, a total of 200,000 miles had been 
accumulated on the two engines and no special difficulties of 
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operation or maintenance have been experienced during this 
period of service. Fig. 14 shows the dimensions and principal 
characteristics of the converted engines. 


Track Tests, L-2p CoNVERTED 


The weight of the two converted class L-2 locomotives had 
been increased about 15,000 lb over the standard L-2 and it was 
essential to determine whether these engines, with 69-in. driving 
wheels and the modifications referred to, could be operated at the 
passenger-train speed of 80 mph without imposing excessive 
stresses on the track structure. For this purpose, track tests 
were conducted in September, 1939, which included one of the 
J-1 class as well as the two converted engines, in order to obtain 
comparative information, as the J-1 class, during approximately 
200,000,000 miles of operation, had never been known to produce 
any harmful effects on the track. 

Two 170-ft test sections were used, located about !/2 mile apart 
on the inside westbound high-speed main track No. 1 of a 4- 
track system. Both sections are on an ascending grade of 0.315 
per cent, one comprising tangent track and the other a curve of 
1 deg 8 min, selected so that each test was run continuously over 
both sections without reduction in speed for the curve. 

The rail was 127-lb New York Central standard section laid on 
sound creosote-treated ties spaced about 1 ft 8 in. center to center 
with canted tie plates having an outside shoulder only. The 
ballast was 2-in. crushed rock. 

Strain gages placed in groups at 10-ft intervals were used to 
measure the stresses in the rails on the outside of the rail head, 
underneath the rail at the center line, and on top of the outer and 
inner flanges. Slow-motion pictures were taken at each test 
section to determine the position of the crankpin for each stress 
recorded. 

The results showed that up to 87 mph, the maximum speed 
operated, the converted L-2 imposed no greater stress on the 
track than the J-1 and that the maximum stresses in both cases 
were well within permissible limits, proving that such a 69-in- 
diam-driver locomotive could be operated at the same maximum 
speeds as the one with 79-in-diam drivers and substantiating the 
correctness of the method of balancing used for the converted 
L-2, which had taken into account the complete theoretical 
analysis. In this work much valuable assistance was rendered 
by the Timken Roller Bearing Company. 


TABLE 5 SUMMARY OF MAXIMUM STRESSES; TANGENT 
SECTION : 


Strain- No. of 
gage stresses 
Speed location above Five highest maxi- 
Loco- range, on 15,000 —-mum stresses, psi— 
motive mph rails Rail psi Average -— Range— 
2995 54.4 to Left (S) 64 21400 22100 to 20900 
L-2p 87.2 cal Right(N) 17 18800 23300 to 17100 
(conv) (9 runs) $ | 
330 66.2 to Ar Left (S) 34 21200 22600 to 19500 
J-15 ee ; 2 S Right(N) 16 18800 20500 to 17800 
5 runs go 
5435 72 to S)ex Left (S) 21 24200 29100 to 20200 
J-3a 83.2 | Right(N) 11 19200 20800 to 18300 
(4 runs) + 
2995 54.5 to Left (S) 43 20500 23000 to 18500 
L-2p 87.2 a | Right(N) 26 20200 23400 to 18600 
(conv) (9 runs) o?” 
330 66.2 to Koes Left (8) 33 19400 20500 to 18500 
J-15 85.9 2 Right(N) 20 22000 27700 to 19100 
(5 runs) on 
5435 72 to ‘ 3 Left (8S) 19 17700 18400 to 17400 
J-34 te : 3 Right(N) 10 19500 22000 to 18400 
4 runs. 


"The ranges of comparative stresses for the two locomotives 
and for one of the J-3 class tested at the same time are given in 
Table 5. 


New L-3 ComsBinaTion PAssENGER-AND-FREIGHT LOCOMOTIVE 


On the basis of the experience gained with the two converted 
L-2 engines and the study that had been given to the design, 


with the close cooperation of The American Locomotive Com- 
pany, the Superheater Company, the Timken Roller Bearing 
Company, and others, fifty of the L-3 class were ordered and 
have lately been delivered, twenty five of which are arranged for 
operation in either passenger or freight service, while the remain- 
ing twenty five are strictly freight locomotives but having the 
same characteristics with respect to speed versus track structure. 
The combination engines are equipped with a cast-steel pilot and 
drop coupler, steam heat, air signal, engine-truck brake, and roller 
bearings on all wheels including drivers. Boosters were omitted 
although arrangements were made for convenient application if 
subsequently found desirable. 

The 4-8-2 wheel arrangement was retained as it was found that 
for this design the required weight distribution could be secured 
without the use of a 4-wheel trailing truck and also because it 
was desired to supply the largest possible tender, particularly 
with reference to coal capacity, without extending the over-all 
length of engine and tender beyond the limits of the 100-ft turn- 
tables now in use at principal main-line terminals. 

The extra large coal capacity of 43 tons was provided to in- 
crease materially the length of runs and through intensive use to 
obtain high monthly mileage which would be equivalent to addi- 
tional locomotives. 

A waterscoop of improved quick-acting design, which had re- 
cently been developed and tested, and which supplies approxi- 
mately 20 per cent more water with a substantial reduction in the 
amount spilled, was applied. 

The standard 69-in. driving wheels were retained as experience 
had proved this size best for high-speed main-line freight service 
in which the engines would be used the greater portion of the 
time. Provision was made, however, by increasing the driving 
wheel base and the over-all length, for the future application of 
72-in. driving wheels, as a margin of protection for high-speed 
running. 

For reasons beyond the scope of this paper, it was decided to 
use carbon steel instead of nickel steel for the boilers and, in 
order to conform to the desired limits of total weight and wheel 
loads, this necessitated using a working boiler pressure of 250 
psi instead of the 275 psi originally planned. With this pressure 
and cylinders of 25!/2 in. diam and 380 in. stroke, a rated start- 
ing tractive effort of 60,100 lb was obtained, about equal to the 
60,620 lb of the L-2 class as desired. 

The increase in driving wheel base permitted the use of a com- 
bustion chamber 12 in. longer than on the L-2 for increased fire- 
box volume and greater combustion efficiency; greater gas area 
through an enlarged superheater was provided to increase the 
superheat temperature. 

An improved front end, as developed by the Selkirk tests here- 
tofore mentioned, was installed. 

Particular attention was given to the proportioning of steam 
passages from dome to exhaust to provide free steam passage 
and reduce transmission losses, and the large-volume steam chest 
with the standard 14-in. valves was retained. 

Reciprocating parts are of special lightweight design similar 
to those used on the two converted L-2 class, and all wheels were 
dynamically balanced in accordance with the theoretically cor- 
rect principles established for those engines. 

The following modifications were made with a resulting de- 
crease in weight: 

Cor-Ten steel main air reservoirs. 

Aluminum’ cab, running boards, cylinder and valve casings 
dome and turret casings, and gage board. 

High-tensile-steel drop coupler. 

Lightweight magnesia block lagging. 

Tubes and flues to one gage tolerance. 

New design lightweight valve gear. 
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CYLS. 252 DIA. X 30°STROKE 
BOILER PRESSURE 250LBS 
MAX. TRACTIVE FORCE 60,100 LBS. 


JANUARY, 1942 


WATER 15500 GALS. 
COAL 43 TONS 


CLASS L3A_ BUILT 1940 
HEATING SURFACE 


WEIGHTS 
DRIVERS 262,000 LBS 
TOTALENGINE 388500LBS. 


HORSEPOWER 
ESTIMATED INDICATED 4400 AT 55 MPH, 
ESTIMATED DRAWBAR 3800AT 48 MPH. 


EVAPORATIVE 4676 SQFT. 
SUPERHEATED 2082 SQ.FT. 
GRATE AREA 75.3 SQFT. 


Fic. 15 CHARACTERISTICS AND PRINCIPAL Dimensions of LatTEsT COMBINATION PASSENGER-AND-F REIGHT Locomotive, Cuass L-3a 


Other special features incorporated were complete speed-re- 
corder and cutoff-selection equipment, coal pusher, Alemite grease 
equipment for rods and other parts, roller bearings on all axles, 
and lateral-motion device on front and main drivers. 


TABLE 6 CHARACTERISTICS OF L-3 TYPE LOCOMOTIVE COM- 
PARED WITH L-2D FREIGHT AND L-2D CONVERTED 


L-2pD L-2p L-3a 
Freight Converted Combination 
Wheel base: 
MOTI VAN Ecosse cise Ch D tare Seuerei ey searches te 18 ft Oin. 19ftOin. 
A Dist 4) CBA aote ado mo amaOd da boo enact 42 ft lin. 43{ftlin, | 
Hngineland tenderer. eclee etereiine 84 ft 8in. 95ft11!/2in. 
Weight in working order, lb 
Pinging traeky/.5 v3 serene aosieunvcreye a0 59150 65400 70400 
PGI VETS cia: s f.aughet wratitheraye a hecsutie fete ees oaa teins 250000 257000 262000 
Trailing trucker cas ents elena OLOOO 62700 56100 
Totalengine: catereiwccdeccutclers ners ate 370150 385100 388500 
Tender loaded)s:st tev seneraiche, sucks astetehoner suct's 313500 313500 373900 
Boiler pressure, pSi..........-.-2e0000: 225 250 250 
Cylinders, diameter and stroke, in...... 27 X 30 251/2 X 30 3=251/2 KX 30 
Rated tractive effort 
With booster; Ib. jist times o sap en arare 73020 73850 Biers 
Main engine, Ibsaaerc srecere cncranne ee 60620 60100 60100 
Factorofiadhiesionmucte-ltceocie sete etter 4.12 4.28 4.36 
Permissible operating speed, mph...... 6 80 80 
Boiler: 
Inside diameter, first course, in........ 827/16 827/16 
Outside diameter, third course, in. 4 94 
Tubes, number and diameter, in... 40-21/, 50-21/4 
Flues, number and diameter, in.. 199-3!/2 198-3!/2 
Length of tubes and flues, ft-in. 20-6 20-6 
Firebox, length and width, in... 1201/3 X 1201/3 X 
901/4 901/6 
Graterares; squituccc cece storie eciels 75.3 75.3 
Combustion chamber length, in. : 51 63 
Firebox volume, cu ft.........-...0005 510 538 
Gas area through flues and tubes, sq 
Sb ied form iets wie wlolele fates a esciatessroretnhersiake 9.45 9.33 
Heating surface, sq ft 
ING OX a syeeatas pei slelaiste araieicheste eerie siecle 354 373 
Mubesand Muesww awe oc scieveke cis 4202 4303 
OMAN Tore so Pletenete ane Motta toe craps eherheenee 4556 4676 
Superheater ®.< cio wiv. asius.sieseute cates levee 1931 2082 
Tender: 
Coallagpacity, tondveccn sctuee cbieetee sis 28 43 
Water capacity, al. . ose. ce eee ture se 15000 15500 
Size of axle journals, in.............. ap 6 X11 6!/2 X 12 
Cylinder borsepower.............e0e00: 3800 at 4200 at 50 4400 at 55 
; 4 48 mph mph (est) mph (est) 
Engine weight per horsepower, lb........ 97 92 88 (est) 


The estimated drawbar pull and horsepower versus speed for 
the L-3 are shown by the curves included in Fig. 8. Capacity 
and performance tests for the L-3 are now in progress and the 
characteristics shown are believed to be conservative.’ The 


5“New York Central Buys All-Round Road Locomotives,” 
Railway Age, vol. 109, 1940, pp. 856-861, 864. 
“New York Central Buys 50 4-8-2 Type Locomotives,’”’ Railway 
Mechanical Engineer, January, 1941, pp. 1-8, 21. 


TABLE 7 SUMMARY OF PRINCIPAL WEIGHT AND POWER 
CHARACTERISTICS FOR LOCOMOTIVE DESIGNS DISCUSSED 


Maximum _horse- 


Loco- power and speed Weight per 
motive at which attained, horsepower, lb 
Last weight, mph———- : Draw- 

Class Type built Ib Cylinder Drawbar Cylinder bar 
K-80 4-6-2 1912 252500 1700-39 1430-35 149 177 
K-2 4-6-2 1910 273000 2000-45 1655-40 137 165 
K-3qQ 4-6-2 1923 295500 2100-45 1720-40 141 172 
K-3R 4-6-2 1925 278000 2140-45 1750-40 130 159 
K-5 5 4-6-2 1926 302000 3200-54 2530-45 94 119 
J-la oO. 

5200 4-6-4 1927 343000 3900-67 3300-58 88 104 
J-15 4-6-4 1931 358600 3900-67 3240-58 92 111 
J-3 4-6-4 1937 360000 4725-75 3880-65 76 93 
Converted 

L-2 4-8-2 1930: 385100 4200-50 3640-43 92 106 
L-3 4-8-2 1940 388500 4400-55 3800-48 88 102 


principal dimensions and the proportions are shown in Fig. 15. 
‘ For convenient reference, some of the characteristics, as com- 
pared with the L-2p converted class and the L-2 freight engine, 
are given in Table 6, the data for the L-2 freight only being shown 
where different from the converted L-2. 


PRESENT THOUGHTS ON TRENDS OF STEAM-LOCOMOTIVE-DESIGN 
IMPROVEMENT FOR THE NEAR FUTURE 


While this paper is confined to the subject of the conventional 
steam passenger locomotive, the author is fully cognizant of the 
rapid strides being made by other forms of motive power, their 
possibilities, advantages, and growing importance to the rail- 
roads for certain classes of service. 

This may be illustrated by stating that on the New York 
Central, 127 Diesel-electric locomotives are used in intensive 
daily service. As early as 1924, a 60-ton 300-hp Diesel-electric 
locomotive was operated in switcher and puller service in New 
York City territory with favorable results, followed in 1928 by 
a road freight and in 1929 by a road passenger locomotive. The 
first straight electric was introduced in 1904, and there are now 
168 of various types and capacities in use on the System. Within 
the last 6 years, limited operating experience has been obtained 
with a 5000-hp experimental turboelectric locomotive and a 3600- 
hp Diesel-electric, both designed for high-speed main-line serv- 
ice, and a 5400-hp Diesel-electric freight locomotive. 

Future development of the steam locomotive in some radically 
new form, such as the steam-turbine condensing or combustion 
type, as recently proposed, should show a substantial increase in 
thermal efficiency but, until the stage has been reached where 
such units of proved dependability in daily operation can be pro- 
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duced of moderate size, weight, and cost, it is the author’s belief 
that basic lines of development should be continued by taking 
advantage of the possibilities for further betterment of the con- 
ventional reciprocating design without radical changes in the 
type of boiler or resorting to the mechanical complication of 
multiple expansion of steam. It should be possible now to pro- 
duce a highly serviceable two-cylinder single-expansion locomo- 
tive of the 4-8-4 type at a weight per indicated horsepower closely 
approaching that represented by the 4-6-4 class J-3a described in 
this paper, capable of delivering 6000 cylinder hp when required. 

Such a design should include the largest practicable super- 
heater, with ample firebox volume and grate area, carefully pro- 
portioned steam passages from boiler to exhaust, and a working 
steam pressure probably up to 300 psi. 

Roller bearings on all locomotive and tender axle journals and 
to a lesser degree in rods and motion work have resulted in in- 
creased serviceability because of freedom from heating failures 
Their extended utilization should receive careful consideration. 

For the future extension of steam-locomotive productive ca- 
pacity, design study leading to a better proportioned and more ef- 
ficient boiler is proposed. The development of a suitable drier 
arrangement to provide high-quality steam, taken directly from 
the boiler barrel, would permit elimination of the steam dome 
with corresponding possibilities within given weight or clearance 
limitations for increased diameter of barrel with improved tube 
and flue layouts and larger gas areas and superheater, additional 
firebox depth and volume, and more nearly level grates without 
restricting the highly important features of adequate ash-pan 
capacity and arrangement necessary for long locomotive runs. 

Design studies and performance experiments are now in prog- 
tess to improve the poppet-valve arrangement of steam dis- 
tribution and these efforts may result in making available for 
practical use the better cylinder performance in relation to power 
output and efficiency inherent therein, without prohibitive in- 
crease in the size and weight of the boiler. 

Other interesting experiments now in operation include loco- 
motives having four simple cylinders and two separate sets of 
running gear or combined within: a single rigid wheel base, with 
which improved wheel loadings and rail effects should be ob- 
tained, together with lower dynamic forces in machinery and 
running-gear parts, as well as other advantages. 

Ability to extend the length of locomotive runs in either freight 
or passenger service without stops for fuel depends to a great 
extent upon the size of the tender. This, in turn, may be limited 
by possible restrictions on over-all length. One leading western 
railroad now has in service back of a considerable number of 
modern design steam locomotives a new arrangement of tender 
running gear and underframe which possesses possibilities of 
materially increased tender capacity within given dimensional 
restrictions. 


Discussion 


T. V. Buckwa.Ter.® This paper reviews the detailed develop- 
ment of the six-coupled locomotive, starting with the New York 
Central class K-80 in 1904, to its ultimate development, culmi- 
nating in the Hudson type class J-3A in 1937. The improvement 
in locomotives from year to year is gradual and does not afford 
an outstanding contrast when comparing the 1904 locomotive 
with the 1937 locomotive. The improvement of from 1430 to 
3880 drawbar horsepower has been made in the short span of 33 
years, the power development of 1937 being 2.71-fold that of 
1904, or an annual increase of 8.2 per cent. 

This development was made in two stages in so far as the New 


* Vice-President, Timken Roller Bearing Company, Canton, Ohio. 
Mem. A.S.M.E. 


York Central System is concerned, the first being the Hudson 
type class J-1E developed in 1927, developing 3300 hp, an in- 
crease of 30 per cent over that of its predecessor, the K-5 locomo- 
tive, built in 1926, and the second step, the Hudson J-3A in 1937. 

The Hudson locomotive served the New York Central System 
so well that a total of 225 were built, replacing the older ‘“K” type 
Pacific locomotives on main-line service. 

The Hudson type was further improved in 1937, increasing ca- 
pacity in drawbar horsepower to 3880, or 17 per cent; this in it- 
self being an outstanding improvement, considering that the 
weight on the drivers of the J-3A is only 11,000 lb more than that 
of the J-1E, while the actual engine is only 1400 lb additional 
weight. The use of lightweight reciprocating parts, effecting a 
reduction of more than 50 per cent in weight, afforded an oppor- 
tunity to redistribute the counterbalance, the typical practice 
being to distribute 66!/; to 75 per cent of this reciprocating-weight 
reduction to lightening the counterbalance and, therefore, the 
dynamic augment on the rail, and utilizing the balance to reduce — 
nosing. Together these have an important influence on improved 
riding qualities of the locomotive and also tend to reduce rail re- 
action. As the author mentions, the Hudson engines have op- 
erated 200,000,000 miles without a single case of rail damage at- 
tributable to this class of locomotive. 

A further outstanding development, since the origin of the 
Pacific engine, is the increase of speed from 35 mph to 65 mph, at 
which maximum horsepower is developed; this being an increase 
of 85 percent. At the same time the weight reduction per draw- 
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bar horsepower from 177 lb to 93 lb, or 48 per cent, is noteworthy. 

Probably the major improvement in steam passenger locomo- 
tives is the increase in capacity for work, as measured in ton- 
miles permonth. The average of the fifty J-3 locomotives for the 
month of December, 1940, was 11,689 miles each, giving effect to 
engines in shop and engines partially employed during the month. 
Ten of these locomotives actually made over 16,000 miles in that 
month. It is doubtful whether the typical passenger locomotive 
prior to 1925 averaged more than one third of that figure and 
handled trains, giving effect to the air-conditioning drag about 
one half as heavy. This would indicate that the modern Hudson 
locomotive has 6 times the capacity for work, as compared with 
the locomotive of only 15 years ago. This is a noteworthy de- 
velopment and affords a further indication that the replacement 
of the steam passenger locomotive by other forms of motive power 
is still a long distance in the future. 

The New York Central received delivery of fifty class L-3 Mo- 
hawk locomotives during 1940. This followed the experimental 
conversion in 1939 of two class L-2D Mohawk, type 4-8-2 
freight locomotives. Much thought was given to the conversion 
locomotive No. 2998. The reciprocating weight was reduced 
from 2143 to 1239 lb, a reduction of 904 lb. The overbalance in 


the plane of the rail on the left main driver was reduced from 
441 lb to 171 lb and a corresponding dynamic augment at diame- 
ter speed from 21,200 lb to 8220 lb, a reduction of 12,980 lb, or 
158 per cent of the remaining dynamic augment. 

The rail reaction on the main driver at 75 mph was reduced 
from 28,100 lb to 8200 lb, upward against the spring rigging, and 
from 24,000 lb to 12,200 lb, downward against the rail. The nos- 
ing moment was reduced from 8,400,000 in-lb to 4,000,000 in-lb at 
80 mph, and the fore-and-aft shaking force from 108,000 lb to 
64,000 lb. These figures are reflected in the relatively low rail 
stresses at speeds up to 87 mph, as indicated in Table 5 of the 
paper. 

Curves of dynamic rail force under the main drivers for the 
L-2D Mohawk are shown in Fig. 16. Comparisons of resultant 
rail forces, dynamic augments, shaking forces, and turning mo- 
ments of this type locomotive with others at various speeds are 
given in Figs. 17 to 20, inclusive. 

The Mohawk engine, having 69-in. drivers, balanced as de- 
scribed, ranks with the best of the results obtained from the J-1E 
and J-3A Hudson type locomotives at high speeds measured in 
lower stress in rails and good riding qualities. 

The experience with 25 of the L-3’s, equipped for passenger- 
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train operation, proves that the new Mohawks can be used inter- 
changeably in passenger and freight service. This equipment 
defers the increase in Hudson locomotive inventory for the han- 
dling of peak loads in midwinter and midsummer, and the 
Labor Day holidays. At the same time, these locomotives are 
available for freight-traffic peaks developing in the early fall. 
Notwithstanding the general improvement in passenger service, 
this locomotive has also been improved in its capacity to handle 
freight traffic. 

Table 7 of the paper, showing the capabilities of this locomo- 
tive for high-speed operation as ranking with the best passenger 
locomotives, together with its greatly increased drawbar capacity 
at low and medium speeds, indicates that this locomotive is ca- 
pable of handling heavy passenger and express trains in con- 
gested traffic at a higher average rate of speed than any other 
locomotive available. It is believed to be the outstanding locomo- 
tive achievement in recent years. 

The New York Central J-3A (Hudson) and L-3A (Mohawk) 
locomotives afford an additional interesting comparison, shown 
in Fig. 21, entitled ‘‘main-pedestal-opening comparison.”’ The 
J-3A driver-béaring application, shown at the right in Fig. 21, 
is based on interchangeability with other types of roller bearings. 
The pedestal opening of 283/, in. and pedestal clearance of 16 in. 
above the center line of the axle are derived from the space re- 
quirements of other roller bearings. 

The L-2D and L-3A pedestal opening is based on the space 
requirements of the taper roller bearing of the double-row type. 
The pedestal opening is 213/, in. and the pedestal clearance is 
135/s in. which interchange exactly with the plain-bearing re- 
quirements. In addition, there are outstanding reductions in 
unsprung weight and provision of more space for spring rigging 
with the advantages of an equal degree of reliability and greater 
economy in the plain-bearing interchangeable layout. Most 


current locomotive construction is based on this interchangeable 
layout. 


R. M. Ostermann.’ This paper discloses a very creditable en- 
gineering achievement. It is remarkable how greatly the sus- 
tained capacity of the New York Central J class locomotives was 
increased by attention to details and by refinement in design. 
In the section ‘“Thermal Efficiency at Tender Drawbar Referred 
to Fuel,” the author explains the circumstances which led him to 
compromise between that thermal efficiency and practical operat- 
ing advantages, and he thus exhibits the very logical view of a 
railroad operating man. 

However, the engineer sitting on the sidelines wonders whether 
steam-locomotive designers will not eventually be forced to far- 
reaching modifications of the design of steam locomotives be- 
cause of the pressure of the competition which the conventional 
steam locomotive is experiencing from the Diesel-engine-powered 
locomotive. This type of motive power has great advantages of 
thermal efficiency. Steam-locomotive designers may be forced, 
in self-defense, in their future designs, to embody some of the 
principles, the application of which has produced such eminent 
progress in the economy of stationary power plants within the 
last 15 years. For instance, it is seen that the J-3 engine, at its 
best, works with a heat drop per pound of steam of about 160 Btu. 
It is not at all unreasonable to expect that steam locomotives 
may someday be worked with nearly double that heat drop, in 
an entirely practical manner. 

As the author points out it is perfectly true that, in railroad 
locomotives, we are confronted with acute limitations of weight, 
height, width, and length of structure, but it seems to the writer 
that, just because of them, every physical means should be tried 


7 Vice-President, Western Territory, The Superheater Company, 
Chicago, Ill. Mem. A.S.M.E. 
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in order to get a maximum of capacity into a given cubic space. 
The writer feels that men such as the author who have been able 
to refine the design of conventional steam locomotives to such a 
remarkable degree, by painstaking engineering analysis, will also 
be able to make entirely new forms of steam locomotives prac- 
ticable. 


JamMEs Partincton.? In this paper we have a very complete 
picture of the development of main-line steam locomotives for 
passenger service. These modern locomotives show wonderful 
sustained horsepower output and are making a yearly mileage of 
well over 200,000. 

To keep within the railroad company’s weight limits on the L-3 
locomotives, the cabs, runboards, and dome casing are made of 
aluminum. On the.J-3, all of the important casings, dome casing, 
cylinder-head casing, etc., were aluminum, and the cabs were 
aluminum on forty engines; ten engines were Cor-Ten steel. Here 
we have a situation where the saving of weight was urgently nec- 
essary and the use of expensive material was resorted to for a 
weight saving of about 2000 lb per locomotive. Twice this sav- 
ing could be obtained if the boilers of these locomotives were of 
welded construction. Therefore, the writer would like to dis- 
cuss briefly the welded boiler for locomotives. 

Soon after the rules for fusion welding were adopted by the 
A.S.M.E. Boiler Code Committee, thev were placed in the Code 
for Power Boilers. ‘The use of these rules proved them to be safe 
and satisfactory, and after several years’ experience the Code 
Committee suggested that they be incorporated into the Code for 
Boilers for Locomotives. 

After several conferences with the I.C.C. Bureau of Locomo- 
tive Inspection, and largely through the efforts of the late L. F. 
Loree, then president of the Delaware & Hudson Railroad, per- 
mission was granted to that company to build and operate a loco- 
motive with a welded boiler. This boiler was built by the Ameri- 
can Locomotive Company to meet the requirements of the 
A.S.M.E. Power Boiler Code, and the locomotive was placed in 
freight service on the D.&H. in the fall of 1937. This welded 
boiler will soon have a service record of 4 years. During this 
time thorough inspections made frequently have shown that it 
has a performance record of 100 per cent. 

When the Interstate Commerce Commission gave its permis- 
sion for the operation of this locomotive with a welded boiler, it 
was in response to a request sponsored by many of the leading 
railroads that an experimental installation be allowed. In grant- 
ing this request it was stipulated that no additional welded boil- 
ers would be permitted pending a test period of 5 years. For the 
operation of additional locomotives with welded boilers, the rail- 
roads will have to secure authorization from the I.C.C. through a 
procedure similar to that used by the D.&H. Company for this 
first welded boiler. 

The advantages of the welded locomotive-type boiler are 
that there are no rivets; no overlaps; no obstructions inside or 
outside; no joint repairs or failures; lower upkeep expense; 
higher efficiency; lighter weight; easier handling; quicker wash- 
ing; neater appearance. Finally, this form of construction elimi- 
nates caustic embrittlement, which has caused rivet failures and 
cracked sheets in the region of both circumferential and longi- 
tudinal seams of riveted boilers. Ina number of cases this has 
made expensive repairs necessary. 

Welding has supplanted riveting for high-pressure stationary 
boilers and for nearly all pressure-vessel construction. 

There are several hundred locomotive-type welded boilers in 
use for power purposes in the United States, and these boilers are 
operating at pressures up to 350 psi. 


® Manager, Engineering Department, American Locomotive Com- 
pany, New York, N. Y. Mem. A.S.M.E. 
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Will more welded boilers for locomotives be built? 

This will depend upon the attitude of the railroads and the de- 
cision of the Interstate Commerce Commission. 

The locomotive builders are ready to give full assistance and 
cooperation in this development 


F. E. Russevu.? Our experience with the development of 
high-speed steam locomotives agrees closely with that of the 
author, in that we have been able to increase the efficiency and 
output of the steam locomotive by intensive development and im- 
provement in design. By providing ample firebox volume and 
gas area through tubes and flues, it is possible to increase the 
evaporation considerably without excessive losses in combustion 
and absorption efficiency, as is shown by the performance curves 
in the author’s paper. In this regard, on the Southern Pacific, 
we are more fortunate, in that the combustion efficiency of the 
locomotive boiler with oil fuel is high, and there is little falling 
off in over-all boiler efficiency as the firing rate is increased; and 
high outputs can be obtained with a moderate draft and back 
pressure. 

Steam-flow conditions are extremely important if the maximum 
potential output of a steam locomotive is to be obtained in prac- 
tice. The dry pipe, superheater header, and superheater unite 
should be of ample area, and the flow should be as direct and 
“streamlined” as the design will permit. The writer considers 
the design of the steam and exhaust passages in the cylinder espe- 
cially important. Much of the increase in horsepower per unit 
volume in our more recent locomotives is due to careful cylinder 
design, with our insistence on definite steam, exhaust, and valve 
bushing area in relation to piston size. In this respect the increase 
in boiler pressure, with subsequent decrease in cylinder size for a 
given power, has been a great advantage, as it is possible to pro- 
vide greater area in the passages per unit volume of steam han- 
dled. 

Prior to 1927, apparently little attention was paid to increasing 
the area of exhaust passages in the cylinders in proportion to the 
cylinder diameter, resulting in high back pressure and low power 
output at high speeds. During that year we mude an analysis of 
the proportion of exhaust passages, as related to piston area, and 
since then all our locomotives have been built with improved ex- 
haust passages, resulting in increased horsepower output and re- 
duced back pressure and decreased fuel consumption, 

In 1920, we made some dynamometer tests on 2-10-2 type su- 
perheater locomotives and determined that for superheated loco- 
motives we should get away from saturated-steam practice. It 
was also decided that, in order to obtain maximum fuel economy, 
the cylinder diameter should be reduced and the stroke increased 
over the proportions normally used at that time. In 1921, when 
we purchased our first heavy Pacifics for service between Sparks, 
Nevada, and Ogden, Utah, handling heavy transcontinental 
trains, we went to a 30-in. stroke with a 25-in. cylinder, using 73- 
in. drivers. These locomotives were so satisfactory in passenger 
service, not only in high-speed hauling capacity but also in their 
ability to start heavy trains without taking slack, that we have 
continued the practice of using a relatively long stroke. Our 
latest 4-8-4 type locomotives have 25'/,-in. X 32-in. cylinders with 
80-in. drivers. We find these proportions very satisfactory for 
starting heavy trains and for high-speed full-power operation. 

Given a boiler designed for high output and high superheat, 
and steam and exhaust passages capable of handling the steam 
required for high power output, the remaining problem is that of 
utilizing this steam with the greatest efficiency in the cvlinders, 
In this regard, the present form of piston valve with intercon- 
nected timing of events is certainly not ideal. The writer con- 


* Mechanical Engineer, Southern Pacific Company, San Francisco, 
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fidently looks forward to the perfection of some form of valve 
with independent timing, to obtain more adequate valve openings 
at high speeds and short cutoffs, together with a reduction in the 
present distortion of exhaust events. In this connection, the 
poppet-valve gear mentioned in the paper is of great interest, 
and is believed to be very promising. 

As an example of what a modern high-power steam locomotive 
can do, the writer has analyzed some of the performance records 
of our latest 4-8-4 type passenger locomotives purchased in 1940. 
These locomotives have cylinders 251/, in. * 32 in., with 80-in. 
drivers, and carry 300-psi boiler pressure. They are equipped 
with type E superheaters, Worthington SA feedwater heaters, 
and have oil lubrication on all axle bearings. These locomotives 
are used to handle the streamline ‘““Davlight” trains between San 
Francisco and Los Angeles, which are frequently as heavy as 16 
cars, weighing 924 tons loaded. On these trains, the portion of 
the run that requires the highest power output is eastbound from 
Camarillo to Santa Susanna, Calif., a distance of 20.9 miles, with 
an average opposing grade over the entire district of 0.75 per cent. 
Between these points the schedule speed is 62.7 mph. Examin- 
ing the speed-record tapes, the writer finds that, on one 7-mile 
continuous stretch of compensated’1 per cent grade in this terri- 
tory, the maximum speed maintained steadily is 55 mph with the 
16-car 924-ton train, which performance requires a calculated 
drawbar horsepower on the level of 4750; the equivalent cylinder 
horsepower is estimated at 5400. On other occasions, these loco- 
motives have handled the “Daylight” with 13 cars, weighing 729 
tons, on the 2.2 per cent Cuesta grade, making speeds of 28 mph 
without a helper. 

On our Salt Lake Division, a slightly older type of 4-8-4 loco- 
motive is handling trains of 20 cars, weighing approximately 1400 
tons, on fast schedules. 

The writer is in complete agreement with the author that re- 
search and design have greatly improved the high-speed steam 
passenger locomotive, and that continued development and test- 
ing will result in future locomotives of higher output and ef- 
ficiency than yet obtained. 


C. J. Surpy.’° We are fully aware that present-day traffic 
demands result in a radical change in operating methods. In 
many instances this traffic is seasonal and, during such periods, 
there is a heavy demand for high-speed power in both passenger 
and freight service. Few, if any, roads can afford to hold in re- 
serve power to meet such seasonal demands, therefore, it is quite 
evident that the solution of this problem is the dual-service loco- 
motive, described so well in this paper. 

Of more than usual interest is that portion of the paper in 
which the author presents his thoughts on trends of steam-loco- 
motive design and improvement for the future. With the expe- 
rience on the New York Central, including the experimental use 
of a 5400-hp Diesel-electric locomotive and a 5000-hp turbo- 
electric locomotive, the author’s endorsement of the conven- 
tional reciprocating-design locomotive should be regarded by 
motive-power designers as a challenge. Apparently, his choice 
of motive power is made on the basis that nothing better has yet 
been offered, when due consideration is given to all factors. 

There is much more to consider in the selection of motive 
power than the known advantages which are derived from more 
expensive power, such as Diesel-electrics or turboelectrics of the 
experimental type proposed in recent years. Practical railroad 
men must also give full consideration to the economic forces 
which, in a considerable measure, determine whether or not coal 
must be used as a source of power. They must also take into 
account the effect which their use of certain kinds of coal may 
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have on the consumer market which their railroad serves. Ob- 
viously, to take off the market a coal that is desired by the con- 
sumer only results in loss of the haul to the railroad. In 1939 
bituminous coal accounted for one sixth of the total railroad 
freight revenue in the United States. From this, it appears the 
railroads need the coal freight haul, while the coal-mine oper- 
ators apparently need the railroad fuel business to stabilize their 
output. 

On the premise that many railroads will continue to regard 
coal as a primary fuel for their motive power, it appears that 
sufficient incentive exists for locomotive designers to give more 
thought to producing a coal-burning motive-power unit with the 
characteristics of the Diesel-electric. Some work of a prelimi- 
nary nature has been done in this respect, but apparently the 
development is not complete. 

It is not within the scope of this discussion to promote a new 
system of motive power, but this paper, which takes us step by 
step through the development of steam locomotives on the New 
York Central, indicates that, as greater demands are made for 
sustained power output of steam locomotives, more study will 
have to be given to some arrangement for increasing the diameter 
of the boiler barrel which will result in improved tube and flue 
layouts with larger gas areas and superheater. Since the diame- 
ter of the boiler cannot in any event, with steam-locomotive- 
design trends leading toward larger drivers, be increased greatly 
over present dimension, the thought of other systems of motive 
power naturally arises, 

With the wide experience gained through the use of the locomo- 
tive boiler, of simple construction and high steam-generating 
capacity, a logical starting point for development of a turboelec- 
tric locomotive is present. The boiler of a New York Central 
Hudson-type locomotive can generate a maximum of about 
100,000 lb of steam per hr. By the use of a water-tube firebox, it 
should be possible to generate steam at a pressure in the neighbor- 
hood of 700 psi. This capacity would exceed the steam require- 
ments of two or even three 2500-hp turbines, so that a 7500-hp 
turboelectric locomotive, using coal as a primary source of fuel 
in a boiler and firebox somewhat along present conventional lines, 
is within the realm of possibility. 


AvuTHOR’s CLOSURE 


The author is grateful for the privilege of submitting brief 
comments on the valuable and helpful discussions contributed to 
the subject matter of his paper. 

Mr. Buckwalter’s discussion has been reviewed with much 
interest and appreciation. The material presented is consistent 
with our experience and records. The information given in 
terms of ‘increase in capacity for work,” as pertaining to the 
modern steam passenger locomotive, provides a practical illus- 
tration of progress in this field. 

Mr. Buckwalter refers to the increase of 17 per cent in drawbar 
horsepower obtained in the Hudson type locomotives with an in- 
crease of only 11,000 lb on drivers and 1400 lb in total weight. 
It should be pointed out that the increase of 11,000 lb on drivers 
was arranged deliberately to produce a higher factor of adhesion 
for this extremely high-powered locomotive, and was practicable 
because of the reduced rail reactions secured by the methods in- 
dicated. If considered desirable, the small increase in total 
weight could have been distributed to leading and trailing trucks 
by proper equalization, with weight on drivers held to that of the 
previous Hudsons. 

Later in his discussion Mr. Buckwalter refers to the latest 
class L-3, equipped for passenger-train operation, the estimated 
power characteristics of which were shown in Table 7 of the 
author’s paper. 

Preliminary results of the tests of this class conducted under 
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regular road service conditions of operation may now be reported 
as follows 


5120 at 67 mph 
4320 at 62 mph 


Maximum cylinder horsepower........... 
Maximum drawbar horsepower.......... 


Engine weight per cylinder horsepower... 76 lb 
Engine weight per drawbar horsepower... 90 lb 
Drawbar pull at 85 mph...7.......2.... 17000 lb 


The final report has not as yet been completed, and minor cor- 
rections may be required after all dynamometer records have 
been thoroughly checked. 

Although Mr. Ostermann has commented favorably on the 
increase in sustained capacity on the New York Central class J 
locomotives through attention to detail and by refinement in 
design, he may have gained the impression from the section on 
“Thermal Efficiency at Tender Drawbar Referred to Fuel,” that 
the treatment of this subject was intended to explain the cir- 
cumstances which led to a compromise between thermal efficiency 
and practical operating advantages in the design of the Hudson 
type class J-3. The section on thermal efficiency was included 
for reasons given in the opening paragraphs, inasmuch as the 
paper was addressed to the subject of modern steam passenger 
locomotives for handling heavy high-speed passenger traffic at 
the present time. It is not the author’s belief that it will be 
necessary to force steam-locomotive designers to modifications 
in design, because what is constantly sought by progressive rail- 
roads, locomotive builders, and manufacturers engaged in 
related activities, is the most efficient and economical form of 
motive power which may be produced to meet the changing 
needs of the railroad industry. 

Under the concluding heading, ‘‘Present Thoughts on Trends 
of Steam-Locomotive-Design Improvement for the Near Future,” 
attention has been directed to these circumstances with a view to 
stimulating interest and efforts of all concerned in the direction 
of increasing the thermal efficiency of motive-power units. 
However, to insure progress in rail transportation, it is necessary 
before introducing radically different designs in quantities suf- 
ficient to permit handling some reasonable proportion of the 
total traffic that such units be of proved dependability and of 
practicable size, weight, and cost. It is the author’s belief that 
any contribution along these lines, from those skilled and ex- 
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perienced in the art, which appears to have reasonable prospect 
of success, would immediately receive due attention and con- 
sideration by all concerned. 

Mr. Partington’s discussion of the welded boiler for locomo- 
tives is pertinent and timely. He has supplied a concise outline 
of the numerous advantages to be gained through this form of 
locomotive-boiler construction, which has become widely used 
in the fabrication of boilers for stationary plants, marine and 
other services, and for various types of pressure vessels. 

It may be said that this subject is now under active considera- 
tion through official channels of the Association of American 
Railroads in cooperation with the locomotive builders. It is 
hoped that, through negotiations with the Interstate Commerce 
Commission, additional boilers for locomotive use may be con- 
structed by the fusion-welding process and placed in service 
within a reasonable time. 

The author is gratified to note that Mr. Russell’s experience 
agrees with his own on the matter of increased efficiency and ca- 
pacity of the steam locomotive, obtained by extensive develop- 
ment and improvement in design, with particular reference to 
steam-flow conditions, and shares his belief that continued de- 
velopment and testing will result in future steam locomotives of 
still higher output and efficiency than any yet obtained. Further 
work of this character is being actively prosecuted by the New 
York Central, and the hope is expressed that a similar procedure 
will be carried on throughout the rail-transportation industry. 

The interest expressed by Mr. Surdy and the specific ideas he 
has offered in reference to the thoughts presented on trends of 
steam-locomotive design and improvement for the future have 
been noted with appreciation. As indicated under this section 
of the paper, extensive experience has been obtained on the New 
York Central with certain types of Diesel-electric locomotives, 
and the results have been fully up to expectations. At the same 
time, limited experience has been gained with other experimental 
locomotives, designed for road service, and continued progress is 
anticipated in the design of steam, Diesel, and other forms of 
motive power. As this progress continues, supplemented by 
service and economic experience, a wider choice of motive-power 
types should be made available, subject to an analysis of the 
different conditions to be met. > 


Francis- Turbine Installations of the 


Norris and Hiwassee Projects 


By GEORGE R. RICH! ann J. F. ROBERTS,? KNOXVILLE, TENN. 


The Hiwassee turbine, having a rated output of 80,000 
hp at 190-ft head, is believed to be the highest-powered 
Francis wheel in the eastern United States. The Norris 
turbines are identical in physical size with the Hiwassee 
unit and have a rated output of 66,000 hp at 165-ft head. 
In this paper, considerations affecting the selection of 
these machines are discussed, and principal features of 
the design and acceptance testing are described. 


HE Tennessee Valley Authority is a Federal corporation 

invested with statutory power to develop the Tennessee 

River in the combined interests of navigation, flood con- 
trol, and electric-power generation. The ultimate plan of de- 
velopment will provide a channel for 9-ft navigation for a dis- 
tance of 650 miles from the confluence of the Tennessee with, the 
Ohio at Paducah, Ky., to the headwaters at Knoxville. The 
flood-control storage afforded by the main river and tributary 
storage reservoirs, about 10,000,000 acre-ft, will be sufficient to 
reduce flood crests on the Mississippi River about 2 ft and 
possibly 3 ft at Cairo, Ill. The ultimate installed hydro- 
electric capacity will be about 2,000,000 kw. As part of the 
National Defense Program, there is now under construction a 
modern steam plant of 120,000-kw capacity for the purpose of 
priming high-grade secondary hydro energy during periods of 
water deficiency. This station, together with other properties 
obtained by acquisition, will afford a total steam capacity of 
about 300,000 kw, giving a high degree of flexibility to the system, 
which is favorably located in close proximity to an extensive 
supply of high-grade steam coal. Fig. 1 and Table 1 show the 
geographic location and physical features of the various water- 
control projects. 

The Norris and Hiwassee projects are essentially storage de- 
velopments for operation at low capacity factor on the non- 
navigable tributary streams, and have the primary function of 
impounding headwater floods and augmenting the flow of the 
main river in the interests of navigation and power during the 
dry season. Long-term records establish the low-flow period 
from September 15 to December 1, in an average year and from 
July 15 to January 15, in an extremely dry year. Both long- 
term records and modern analyses of storm movements indicate 
that floods of major magnitude will occur only in the interval 
from December 15 to April 15. The cycle of operation of the 
storage reservoirs is predicated upon this hydrologic pattern. 
Under such rational advance planning, the requirements of 
navigation, flood control, and power generation are not at all 
incompatible, and very satisfactory operating results have been 
obtained. 

From Table 2 it will be noted that the Norris project has a 
drainage area of 2950 sq miles ‘and an average annual runoff of 
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4600 cfs. There are two 66,000-hp turbines which operate at 
heads varying from 194 ft to 129 ft. The storage available be- 
tween elevations 955 and 1020, amounting to 1,500,000 acre-ft, 
is sufficient to provide an average daily discharge of 6000 cfs, ex- 
clusive of normal inflow, for a period of about 4 months. The 
Hiwassee project has a drainage area of 966 sq miles and an aver- 
age annual runoff of 2150 cfs. While provision has been made 
for an ultimate installation of two units, only a single unit has 
been installed initially. This turbine operates at heads varying 
from 254 ft to 143 ft and is rated 80,000 hp at 190 ft head. The 
available storage is 365,000 acre-ft, which is sufficient to supply an 
average discharge of 3200 cfs, exclusive of normal inflow, for a 
period of about 2 months. 


RESERVOIR OPERATION 


The present schedule of reservoir operation is as follows: At 
the end of the flood period, April 15, the restriction that part of 
the reservoir be reserved for flood storage is lifted, and the re- 
mainder may be filled to the normal level as rapidly as stream flow 
permits. In anormal year, no release from storage would be re- 
quired until September 15, although in a dry year, such as 1925, 
low flow in the lower river might require release of stored water 
by July 15, or on rare occasions, even during June. During the 
period of storing water, one unit at Norris and the unit at Hiwas- 
see are operated as synchronous condensers with the guide vanes 
fully closed, but with the scroll case full of water, and with the 
runner and the draft tube vented to atmospheric pressure, and 
drawing about 2.75 per cent of normal generator rating from the 
transmission system. Under these conditions, the governor is so 
adjusted that, in case the frequency drops approximately !/, 
cycle, the guide vanes open up and the turbine picks up load. 
During storms or other interruptions, the Norris plant has picked 
up as much as 50,000 kw in 8 sec. When normal conditions 
have been restored, the tributary plants are again motored. 

Since such occurrences are infrequent and of short duration, 
the amount of water used is negligible, but the emergency value 
of such units to the generating system as a whole is considerable. 
While motoring, one of the Norris units consumes about 10 cfs 
of water, this consisting of leakage through the guide vanes and 
the amount required to lubricate the runner seals and stuffing box, 
and for cooling of the thrust bearing and the generator. 

If the reservoirs reach normal full level before additional water 
is required for either navigation or power in the lower river, then 
the units are operated part of the time as generators so as just to 
utilize the inflow and hold the reservoirs full. Since the load on 
the Authority’s system has been such as to require steam opera- 
tion for a considerable part of each year, part-time operation of 
the storage plants results in a material saving of coal. 

As the dry season approaches, the release from storage is grad- 
ually increased so as to maintain a steady flow in the lower river 
between Pickwick Dam and Kentucky Dam, where navigation is 
still definitely dependent upon stream flow to maintain an in- 
terim depth of 6 ft for navigation. When the Kentucky Dam is 
completed, probably in 1945, this stream flow will not be re- 
quired for navigation on the lower Tennessee River and the 
storage may be released in the manner most beneficial for power 
generation in the Tennessee River plants and for improving 


TRANSACTIONS OF THE A.S.M.E. 
TABLE 1 PROJECT FEATURES 
Navigation Reservoir 
Head 
Size of Maximmm Area at Volume Controlled for Best 
look Lift of Top of at Top Flood Length of Spillway epee Rated Effi- 
Chamber Lock Gates of Gates Storage Spillway Capacity Head cienc: 
Project feet (feet) (acres) (sore- feet) (acre-feet) (feet (second-feet) on oa ) (feet ) (Leet f 
Kentucky? 110x600 73 256,000 6,100,000 4,570,000 960 1,100,000 184.4 48 
Pickwick Landing 110x600 63 46,800 1,091,000 418,000 880 670,000 52.7 43 56 
Wilson 60x300* 90 16,200 600,000 ed 2,212 629,000 15.5 95 & 92 95 & 92 
Wheeler 60x360 §3 68,300 1,150,000 429,000 2,400 687,000 T4.1 48 48 
Guntersville 60x360 45 70,700 1,019,000 282,000 720 625,000 82.1 sé 36 
Hales Bar 60x267 37 5,800 126 ,000 -- 1,200 = 39.8 35 36 
Chickamauga 60x360 56 37,200 655,000 377,000 720 600 ,000 69.0 36 48 
Watts Bart 60x360 70 41,500 1,152,000 $70,000 800 550,000 T2 «4 52 62 
Fort Loudoun! 60x360 80 14,900 365,500 105,000 800 550,000 55.0 65 70 
Norris - -~- 40,160 2,567,000 2,020,000 300 54,000 72.0 165 180 
Hiwasses - _ 6,260 438,000 365,000 224 130,000 22.0 190 200 
Cherokee! - -- 32,200 1,640,000 1,473,000 360 $00,000 68.5 100 110 
Blue Ridge® -- = 3,290 197,500 183 ,000 110 65,000 10.0 147 - 
Qooee No. 1° = os 1,380 76,700 25,900 362 -- 1.5 110 = 
Ocoee Ho. 2° - - _- _- -- - _ _- 250 -- 
Great Falle® = =e 2,290 55,100 49,900 450 160,000 a 142 aa 
1 Under construction. 
2 Two look chambers. 
$  Aoquired by purchase of completed projeots; dependable flood storage not fully determined. 
4 Generating capacities are based upan actual performance which exceeds guaranteed performance. 
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Power 
Effective 

Ultimate* Capacity During 
Plant High Flow = 

Capacity 1926-1927 Flood Type of 
(ar) Jor Turbines 
160,000 74,000 Kaplan 
216,000 36,000 Kaplan 
444,000 419,000 Pranois 
259,200 245,000 Propeller 
97,200 69,000 Kaplen 
60,500 20,000 Francis 
108,000 67,000 Kaplan 
150,000 150,000 Kaplen 
96 ,000 64,000 Kaplan 
100,800 100,000 Francis 
116,200 115,000 Francis 
120,000 120,000 Francis 
20,000 20,000 Franois 
18,000 18,000 Frenois 
28,200 18,000 Francis 
29,400 29,000 Francis 
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TABLE 2 PHYSICAL FEATURES 
Norris Hiwassee 

Project started Oct. 1933 July 1936 
Machinery ordered Oct. 1934 Sept. 1938 
Machinery operating July 1936 May 1940 
Drainage area - sq mi 2912 966 
Average run-off - cfs 4600 2100 
Maximum recorded flood - cfs 115,000 42,000 
Minimum recorded flow ~ cfs 200 134 
Flood capacity - cfs - sluices 36,000 20,000 

- overflow 54,000 130,000 

- total 90,000 150,000 
Number of sluices 8 4 
Spillway gates 3-100'x14' 7-23'x32! 
Elevation of gate sills 1020 1503.5 


Pond levels - elevation and storage 
volumes - ac.-ft 
Ordinary minimum 
Normal storage 
Controlled flood storage 
Tailwater - normal elevation - ft 
- minimm elevation - ft 
Head - gross - maximm ft 
- minimum ft 
Head - net for turbine rating - ft 
Turbine horsepower and number of 


95540+44554,000 
1020. ..2,047,000 
1034. ..2,567,000 
826 
820.5 1266 
194 (Elev.1020-826) 255 (Elev. 1525-1272) 
129 (Elev. 955-826) 143 (Elev. 1415-1272) 
165 190 


1415. .++ +73 000 

1526.5. 438,000 

1532..+-474,000 
72 


units 132,000 in 2 units 80,000 in 1 unit 
Turbine discharge - rated capac- 

ity - cfs 8500 4500 
Provision for additional capacity None A 2d 80,000-hp unit 
Increase in dry river flow 

downstream - approximate cfs 6000 3200 
Generator rating - kva 2 @ 56,000 1 @ 64,000 

- kw 2 @ 50,400 1 @ 57,600 


navigation conditions during periods of low flow in the lower 
Mississippi River. 

The approximate flow required for interim 6-ft navigation be- 
tween Pickwick and Paducah under present conditions is about 
17,000 cfs. During this period of drawdown there is very little 
conflict between the requirements for navigation and power. 
The present electrical load of the Authority is largely industrial, 
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relatively steady with a high load factor, and not subject to ap- 
preciable seasonal variations. Consequently, any water drawn 
out of storage to maintain a flow of 17,000 cfs in the lower Tennes- 
see for navigation is utilized nearly 100 per cent for power genera- 
tion. At the present stage of completion of the development as 
a whole, storage water released from both Norris and Hiwassee 
is used over a total head of 323 ft in the six main river plants al- 
ready completed, not including the variable head at the storage 
dams. 

On December 15, the operating schedule requires that the res- 
ervoirs be practically empty to accommodate flood storage be- 
tween that date and April 15. This sometimes requires water to 
be drawn out of storage which would be held if operation were 
controlled solely by power requirements. 

During the period from December 15 to April 15, the eleva- 
tion of the reservoirs is limited to certain maximum levels, excess 
water being either wasted or used through the generating units 
at Norris and Hiwassee if the rate of discharge permits. 


DETERMINATION OF TURBINE CAPACITY 


When, in 1933 and 1934, studies were being made for the in- 
stallation of generating machinery at Norris Dam, the size, type, ~ 
and characteristics of the Authority’s electrical system were 
somewhat nebulous. Wilson Dam and generating plant, with 
182,000 kw installed, was the only operating station. Wheeler 
Dam was under construction, and one unit was contemplated as 
the initial installation. As will be seen from Fig. 4 the total 
load on the TVA system in 1934 was less than 50,000 kw, part of 
which was on short-time contracts to neighboring utilities and 
which could be taken or not at their option. 


FISCAL YEARS 


“yy ee 1934 1935 1936 1937 1938 1939 1940 HI Vag 
ne he} = ge 
= Ss g Par 
1000 | 13 t | | 1B + 3/S—3— 3/8 ¢- 1000 
N » |= = 
ais & Sis 
#BIS 2 Ss 
900 o/s 8 Ss 
1h 3g w~3— 87] 900 
ees f 
ii er 
FS 
800 4 + Sy 800 
| Q 
700 + | iS = 700 
” = eS 
C ‘ ale] | 
= 600 pe 3/3 
Sr © aes 600 
z | SS aie 
5 LS g 5S 
8 500 iF =i pa = apa 5 S ¥ + 500 
= Ss x = 
a ~ = 250 
= S & =a 
S = 4 s 
= 400 t = ae ry a H 400 
=a $ 
~ 98 
g | 2 => 
300 S | | ueee 300 
tT x 
if paige ee 
a 
< INSTALLED CAPACITY- ? 
200 = y 200 
ausbaai JJITAJS}OIN ope LaTslen 
1939 
(SS a 


4 HYDRO, STEAM. 
Blue Ridge Hales Bar 
Ocoee No.2 Nashville 
Ocoee No.1 Parksville 


Hales Bar 
Great Falls 


CALENDAR YEARS 


# Sheffield Steam Plant available since July |, 1933, 
but not in operation unt October 10, 1939. 


Fie. 4 AvaAImLaBLE System Capacity AND AcTUAL PEAK Loans, 1933-1940 
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Based on the storage available, the maximum discharge neces- 
sary to improve the extreme low flows of the Tennessee, and fu- 
ture probable six-plant TVA system, with a total installation of 
approximately 525,000 kw, the capacity of the Norris plant was 
planned to be 100,800 kw, in two units rated 50,400 kw, 66,000 
hp, 165-ft head. 

In 1936, when funds were first appropriated for the start of 
construction on Fowler Bend Dam, later called Hiwassee, no 
power installation was planned initially, although provision was 


to be made for a future installation of two 40,000-kw units. The 
TABLE 3 HYDRAULIC-TURBINE DATA 
Norris Hiwassee 
Rpn 112-1/2 120 
Name plate rating - hp 66,000 80,000 
Rated head - ft 165 190 
Specific speed 48.8 48.1 
Head for best efficiency - ft 180 200 
Maximum usable hp 75 ,000 93,000 
Maximum gross head. - ft 194 254 
Minimum gross head - ft 129 143 
Elevation - center line of turbine - ft 832 1277 
Elevation - normal tailwater - ft 826 1272 
Runner inlet - inches 161 161 
Discharge diameter - inches 165-1/2 165-1/2 
Height - inches 41-7/8 41-7/8 
Penstock diameter - ft 20 18 
Penstock length - ft 154 220 
Turbine scroll case inlet diameter 17'-3" 17'-3" 
Scroll case design pressure - 1b/sq in 125 ce) 
Maximum scroll case plate thickmess - inches 1-11/16 1-11/16 
Governor cylinders - diameter - inches 28 28 
- stroke - inches 13-3/4, 13-3/4 
‘Runaway speed at maximum head - rpm 215 235 
Main shaft diameter - inches 35 36 
Length of main shaft 14'-0" 12'-4" 
Turbine bearing diameter - inches 36 37 
Length of turbine bearing - inches 36 36 
Weight of turbine runner and shaft - 1b 153 5500 142,500 
Hydraulic thrust - 1b 385,000 410,000 
Weight generator rotor - lb 483,000 489 ,000 
Total weight revolving parts - 1b 1,104,000 1,106,000 
Thrust bearing diameter - inches 1h, 716 
Thrust bearing manufacturer Kingsbury Kingsbury 
Powerhouse crane capacity - tons 250 275 
Generator rating - kva 56,000 64,000 
- kw 50,400 57,600 
Generator WR - lb ft sq 70 ,000 ,000 60,000,000 
Reverse power required for motoring - kw 1350 1580 


1936 report to Congress, made at about that time, indicates that 
four plants with an installed capacity of 348,000 kw and a con- 
tinuous capacity of 225,000 kw were to be the nucleus of the TVA 
generating system and that at some possible future date ma- 
chinery having a total continuous capacity of 660,000 kw might 
be installed in eleven plants. Fig. 4 shows how soon this ex- 
pectation was surpassed. 

Two 36,000-kw generators were authorized for Pickwick in 
the summer of 1936, and, in the summer of 1937, two 25,000-kw 

- units for Guntersville and two 27,000-kw units for Chickamauga. 
In 1938, when the first Pickwick unit was nearing completion, 
overtime work was authorized to hasten the completion date so 
as to accommodate the increase in load. With continued steady 
growth of the TVA load, a third unit was authorized for both the 
Guntersville and Chickamauga plants. At that time, final 
studies were being made to determine the exact capacity of the 
generating units for Hiwassee Dam. The final decision was for 
an ultimate installation of two 57,600-kw units driven by 80,000- 
hp, 190-ft head, 120-rpm hydraulic turbines, although the use of 
three 40,000-kw units with an initial installation of two units was 
seriously considered, 

The 115,200-kw ultimate installation increases that contem- 
plated in preliminary studies by 44 per cent. This was due to 
the changed perspective resulting from the unpredictably rapid 
growth of the TVA system and the desirability of having larger 
units and greater installed capacity for peak loads and for spin- 
ning reserve in case of emergencies. 


FEATURES OF DESIGN 


A fortunate set of circumstances made it possible to have the 
Hiwassee turbine almost an exact duplicate of the Norris tur- 
bines, both turbines being furnished by the Newport News Ship- 
building and Drydock Company. Only slight modifications 
were made, such as a larger shaft diameter and higher tensile 
strength in the plates of the spiral casing, together with slightly 
thicker metal in some other parts, in order to take care of the 
larger power output and higher head conditions. Table 3 shows 
the principal physical features of both the Norris and Hiwassee 
installations. 

Much thought and discussion were given to the design of the 
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plate-steel scroll case, particularly at the terminal point of the 
volute, where the smaller areas usually require elliptical sections. 
The speed ring must be designed for the largest or inlet section 
of the scroll case. With a guide-vane height of 417/; in. and a 
scroll-case inlet diameter of 17 ft 8 in. the speed-ring flanges have 
an angle of 50 deg with the horizontal and an outside width of 
7 {t 13/,in. Since the scroll-case area is decreased around the 
turbine as the water is fed into the runner, a point is reached 
about °/. of the way around the circumference, where a circle of 
7 ft diam would have the required area of !/, of the inlet area. 
Obviously, the vertical height of the casing must be greater than 
the height of the speed ring in order that the 50-deg flanges of 
the speed ring (100 deg total included angle) shall come tangent 
to the circle. One method of reducing the area and still main- 
taining the vertical height of the casing is to make the scroll- 
case sections elliptical at the small end. 

Elliptical sections, however, when subjected to internal pres- 
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sure, tend to become round and. in a complicated structure of 
this type, exact determination of the resulting stresses is difficult. 
In order to reduce these stresses the Newport News Shipbuilding 
and Drydock Company proposed using a special steel casting 
which forms the terminal section of the scroll case and also the 
junction between the terminal and inlet sections. While this 


has a complicated shape, it could be heavily ribbed and stiffened 
This special casting was used 
In addition, in view 


so as to form a rigid connection. 
on both the Norris and Hiwassee turbines. 


Fic. 6 161-In. RunnER ror Norris Dam 


Fie. 7 Sprrau Casine ror 80,000-Hr TurBINE ror HiwasseE Dam 


of the impracticability of trying to hold the full stress in the cas- 
ing metal in the small one quarter of the casing, that section was 
embedded solidly in concrete and sufficient reinforcing added to 
assist the plate-steel structure. 

Over the balance of the scroll case, from the inlet around ap- 
proximately three quarters of the circumference, a layer of cork 
and felt */, in. thick is laid over the plates so that the expansion 
of the casing under pressure will not be transmitted to the con- 
crete. 

The Norris scroll case, with an inlet diameter of 17 ft 8 in. and 
designed for a pressure of 125 psi, used a maximum plate thick- 
ness of 1!!/;, in. with 11/,-in. rivets. Even rivets of this size are 
difficult to drive by hand, so when the Hiwassee scroll case, of 
practically the same size and for a pressure of 140 psi, was under 
discussion, it was decided to use a higher-strength steel so as not 
to require thicker plates or rivets larger than 11/, in. diam. 

While the harder plate and harder rivets increased the diffi- 
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culties of assembly and riveting somewhat, a tight job was ob- 
tained. An interesting method of testing joints was developed 
and consisted of smearing soapy water on the outside of a joint 
and directing a stream of compressed air at 100 Ib pressure at the 
inside. Any bubbles indicated leaks which required additional 
calking. 

On the Hiwassee turbine, in order to guard against corrosion 
and rusting of the guide-vane stems, where they pass through the 
grease- and water-lubricated bearings adjacent to the water- 
way, a special hard bronze bushing or sleeve '/, in. thick was 
shrunk on the guide-vane stem in addition to the usual bronze 
bushing in the head cover and curb plate. 

Similarly, the top and bottom of the guide vanes were pro- 
tected by a piece of 12 to 14 per cent chromium-steel plate !/2 in. 
thick cut to the exact profile of the guide vane and welded to both 
the top and bottom of the guide vanes. The facing plates ad- 
jacent to the guide vanes on both the head cover and the curb 
ring were also of 12 to 14 per cent chromium-steel plate, */, in. 
thick. The clearance between the ends of the guide vanes and 
the stationary plates was about 0.015 in. top and bottom. It 
was very gratifying, after 7 months’ operation of the Hiwassee 
turbine, to note the bright clean surfaces of these chromium- 


TABLE 4 COMPARISON OF SCROLL-CASE FEATURES 
Norris Hiwassee 
Casing desizn pressure - 1b/sq in 125 140 


A89-33, Grude B , Al49-36, Grade A 
Flange, low ten- Firebox quality, 
‘sile carbon steel silicon steel 


Steel used - ASTM 


Ultimate strength - 1b/sq in 50,000 65-77,000 


ASTM designation -— Rivets Boiler rivet 


steel, A31-24 


Structural rivet 
steel, Al41-39 


Ultimate strength - 1b/sq in 45-55 ,000 52-62 ,000 


Allowable stress in spiral casing - 1b 12,000 14,000 
steel facing plates as contrasted to the usual rust-pitted surface 
where the ordinary plate steel is used. 

Both the stationary and rotating clearances adjacent to the 
runner are protected with steel wearing rings, the stationary 
rings being of hard silicon steel, those on the runner being of 
mild steel. 

When the Norris turbines were purchased, it was felt that a 
more accurate alignment of the runner clearances could be ob- 
tained by grinding the stationary wearing rings in the head cover 
and curb ring after the spiral casing and speed ring were embedded 
in the concrete. For this purpose a special grinding ring was 
supplied with the turbines, and, after the concrete had set and 
most of the heat had been dissipated, these clearances were very 
accurately ground out. 

The design clearance between the runner crown and the head 
cover is 0.040 in. radially and 0.060 in. at the runner band. At 
Norris this grinding was completed about February 1, 1936, be- 
fore any water had been impounded in Norris Lake. Filling of 
the reservoir started early in March. Early in June it was found 
that these runner clearances had shifted materially, the tight 
side being upstream. With no contraction joint between the 
power station and dam, the water load against the dam caused a 
slight tilting of the powerhouse and a deformation of the sub- 
structure, which forced the stationary parts of the turbine slightly 
out of round. While it would have been possible to remove the 
internal parts of the turbine and regrind the clearances, this was 
not considered necessary. A slight realignment of the bearings 
was made and the unit put into operation, with satisfactory re- 
sults. The minimum runner clearances after readjusting the 
bearings was about 0.025 inch. 

In view of the building settlement and resulting distortion of 
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the stationary rings at Norris, the grinding device was not used 
at Hiwassee, but the parts were all machined to final dimensions 
in the shop. However, the proper contraction joint between the 
dam and powerhouse was provided at Hiwassee, and no ap- 
preciable distortion occurred in the Hiwassee turbine parts due 
to deflection from the water load on the dam. 

The Norris penstocks are 20 ft in diam and have field-welded 
circumferential joints. The Hiwassee penstocks are only 18 ft 
in diam and have riveted joints throughout. The smaller size 
of the Hiwassee penstocks is justified because of the lower ca- 
pacity factor at which the Hiwassee plant will operate after the 
second unit has been installed. Furthermore, as additional 
storage is provided, the period over which that storage must be 
utilized becomes longer, resulting in yet lower capacity factor 
even during the period of drawdown. The total entrance loss, 
penstock friction loss, and rack loss at Norris for a flow of 4472 
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cfs was 0.6-ft head. At Hiwassee, the corresponding loss 
amounted to 1.95-ft head for a flow of 4470 cfs. This difference of 
1.35 ft amounts to 0.71 of 1 per cent at full load but reduces to 
0.56 ft or 0.3 of 1 per cent head at best efficiency load. 

The stress-relieving system used for the field-welded cireum- 
ferential joints in the Norris penstocks consisted of electric 
heaters, the heat being applied to the area about 10 in. on either 
side of the weld. While this procedure removed all stresses 
from the neighborhood of the weld, it apparently set up rather 
severe strains at the edge of the heated section. As a result, 
field stress relieving was discontinued, but a thorough peening of 
the weld metal was employed, after laying in each bead, and a 
satisfactory job was obtained. 


Erricipncy Trsts on Norris TURBINES 


Efficiency tests on the Norris turbines were conducted after 
installation was completed, using the Gibson method of water 
measurement, which is based upon the equation of impulse and 
momentum. The differential system was used wherein the in- 
stantaneous difference between changes in pressure between two 
fixed cross sections in the conduit was recorded. ‘The cross sec- 
tions with four piezometer taps at each section were 91 ft 10 in. 
apart in the straight part of the 20-ft-diam penstocks. 


TABLE 5 TURBINE-EFFICIENCY TESTS: NORRIS PROJECT 


Guaranteed Test Results 
Performance Unit 1 Unit 2 
Performance at 60,000 hp efficiency - percent 91.0 93.1 93.3 
Maximum efficiency - percent 91.0 93.2 93.3 
Hp at maximum efficiency 60,000 62,000 60,000 
Maximum output — hp 75,200 78,300 78,300 
Efficiency at 75,200 hp - percent 86.0 88.9 89.9 
Efficiency at maximum output - percent 84.1 84.0 
Discharge - cfs, maximum 4275 4560 4562 
Generator efficiency - percent 
100 percent p.f. - 56,000 kva 97.75 98.25 98.25 
90 percent p.f. - 56,000 kva 97.3 97.97 97.97 


+ 
HOLYOKE T 


TURBINE EFFICIENCY - PERCENT 


35 40 45 $0 $8 60 65 70 75 80 
HORSEPOWER ~ 1000 
SYMBOLS. NOTES. 
Curves show comperitive 
performance of /64, 38.5" 
and (61> turbines under 
conditions corresponding 
to Norris and Niwassee 
test conditions. 


384” Holyoke model 124 rpm 
161" Norris Turbine, Gibson test 
384" Holyoke model -/20 rpm 
161" Hiwassee Turbine, Index test 
164" model -112$ rpm 
” ” 72 


Fie. 9 Erricisncy Curves or Norris AND HtwassEE TURBINES 
Priotrtrep AGAINST HoRSEPOWER 


The head measurement was obtained from float-operated head- 
water and tailwater gages located in stilling wells near the intake 
gates and the tailrace. The corrections for rack loss and pen- 
stock friction were obtained by differential manometers con- 
nected to piezometers located just downstream of the trashracks 
and at the entrance to the turbine scroll case. 

The power output of the generator was measured by two sets of 
calibrated wattmeters connected to the generator terminals. 
Since the generators had been tested for efficiency, the turbine 
output could be obtained by dividing the generator output by the 
known generator efficiency. These tests were conducted in ac- 
cordance with the A.S.M.E. 1926 Power Test Code. 

The results of the efficiency tests on the Norris turbines are 
shown in Table 5 and in Figs. 8 and 9, the performance of the 
two units being so nearly alike that the difference is not per- 
ceptible. These data are for 180 ft net head. 

Fig. 8 shows a comparison between the performance of a 169/16- 
in-diam model runner tested at the laboratory of the Newport 
News Shipbuilding and Drydock Company and the 161-in-diam 
Norris turbine. Horsepower at 180 ft head and efficiency are 
plotted against inches of opening of the wicket gates. While the 
horsepower output at any given gate opening shows an increase 
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of approximately 5 per cent when comparing the 161-in. proto- 
type at Norris with the 16°/,.-in. test model, the maximum out- 
put only increased about 11/2 per cent, although the 161-in. pro- 
totype required less opening of the wicket gates to produce the 
same output. The laboratory test on the 169/,5-in. model run- 
ner is shown in Fig. 10. 

The 161-in. Norris runner also shows the greatest gain in 
efficiency at the smaller power outputs. This may be due in 
part to the effect of the spiral casing, as the 169/,.-in. test model 
was not tested with a spiral casing. 

Fig. 9 shows the comparison between the performance of the 
16°/,o-in. model and the 161-in. Norris runner plotted with ef- 
ficiency against horsepower. On this basis, the increase in 
efficiency at part load, while appreciable, is less noticeable than 
when plotted on the other basis. Plotting efficiency against 
horsepower is the most generally accepted method of comparison. 
Large turbines in scroll-case settings usually develop their power 
at a smaller wicket-gate opening, owing probably to the effect of 
the scroll-case velocity at the entrance to the wicket gates. 

Fig. 9 also shows the performance of a 38.5-in. test model at 
the Holyoke testing flume. This test was made in 1926, on a 
homologous runner, but with a straight-tapered draft tube and 
with a different number and type of wicket gates, so that the 
performances are not exactly comparable. The Holyoke test 
shows a maximum of 93.6 per cent efficiency, as compared with 
93.3 per cent at Norris. 

To date no actual efficiency tests have been made on the 


Hiwassee turbine, although index tests show very closely the 
performance of that unit. As at Norris, the tests were made 
with a gross head of between 175 and 185 ft, but since the Hi- 
wassee unit operates at 120 rpm as against a speed of 112!/. rpm 
for the Norris turbines, the results cannot be compared directly, 
but a reasonable comparison may be obtained by taking the per- 
formance of the 169/,s-in. model at the different unit speeds, 
which are approximately 6 per cent apart. 

Fig. 8 shows the difference in the horsepower and efficiency of 
the 169/,.-in. model turbine plotted against inches of gate open- 
ing at the two different speeds. In all cases, the Hiwassee con- 
ditions require greater gate opening for the same horsepower and 
give about 1.5 per cent less output at full gate. The efficiency 
curve for the Hiwassee conditions is also about 1 per cent lower 
for all gate openings. It should be pointed out that, while the 
Hiwassee turbine is operating at a lower efficiency than the Norris 
turbine under the particular test condition of 180 ft head, this 
is not true throughout the full range of operating heads. The 
Norris turbines were designed for best efficiency under about 
185-ft head, and the tests were run at about 97.5 per cent of this 
head. The Hiwassee turbine operates at best speed under about 
212-ft head, and the tests were run at only 85 per cent of this head, 
hence, the difference in efficiency for the test conditions. 

The 161-in. Hiwassee turbine shows the same output for gate 
openings between 41/2 and 7 inches. At full gate it shows about 2 
per cent less power, and at small gate openings it shows up to 5 
per cent greater output than the Norris turbine, as shown in Fig. 
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8. The increased output at the small gate openings is probably 
accounted for by the fact that during the Hiwassee tests the air 
valve, admitting air to the space between the runner and head 
cover and then through the runner into the draft tube, was 
blocked wide open at all gates. Originally this was operated by 
a cam which started to open the valve at approximately 40 per 
cent gate and held it wide open at 30 per cent gate and below. 
Some preliminary tests indicated that quieter operation and 
greater output could be obtained with the turbine vented even 
at considerably larger gate openings. 


GENERATOR OUTPUT - MEGAWATTS 
40 
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A study of the horsepower-gate curves of the 1629/,.-in. model 
and of the Norris and Hiwassee tests indicates that, under the 
test conditions of 180 ft head, the efficiency of the Hiwassee tur- 
bine should be slightly less than the efficiency of the Norris tur- 
bines. 

All the turbines installed by the Authority are provided with 
the Winter-Kennedy type of differential pressure piezometers in 
the scroll case. Fig. 11 shows the arrangement of these pie- 
zometers for both the Norris and Hiwassee turbines. During the 
Gibson tests on the Norris turbines readings were taken on water 
columns connected to each of these piezometers; and after the 
discharge had been accurately determined, it was possible to ob- 
tain an equation for any set of piezometers reading as follows: 


cfs = KD” where 

cfs = discharge of turbine in cubic feet per second 

K = constant obtained experimentally 

D = head difference in feet of water between piezometer on 
outside of scroll case, called Rs in Fig. 11, and one of 
the piezometers on inside of scroll case, Ri, Re, Rs, or 
Ra, Fig. 11. 

N = coefficient, usually very close to 0.5, as in venturi- 


meter formula 
The equations for two sets of the piezometers at Norris, based 
on the water measurements by the Gibson method, were as 
follows: 


Kor unre efs = 1334 D°-509 for Rs-Ry 
i ag cate Wik efs = 1652 D9-803 for Rs-Rs 
For unit 2 efs = 1293 D9-509 for Re-Ri 
TS ena Ran We efs = 1620 D°-519 for Re-Rs 


It will be noted that the coefficient N is very close to the 0.5 
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power; and, in accordance with the conclusion of J. M. Mousson,? 
the square root may be used without appreciable error. 

Where no accurate water measurements are made, it is neces- 
sary to arrive at the coefficient K in a different manner, the ex- 
ponent N being assumed to be 0.5. The generally accepted 
method is to plot a curve of hp/D'?, this curve having the gen- 
eral shape of the over-all-efficiency curve of the unit. After 
determination from an inspection of the horsepower-gate curves 
in Fig. 8, that the maximum turbine efficiency of the Hiwassce 
turbine under 180 ft head should be about 1 per cent less than at 
Norris, or about 92.3 per cent, the discharge for the maximum 
efficiency can be computed and from this the coefficient can be 


3 “Water Gaging for Low-Head Units of High Capacity,” by J. M. 
Mousson, Trans. A.S.M.E., vol. 57, 1935, pp. 303-316. 
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derived for the discharge formula. In the case of the Hiwassee 
turbine, this was computed to be Q = 1535D’/*. Calculating 
the discharge and efficiency for the Hiwassee turbine, we obtain 
the curve shown in Figs. 8 and 9, which lies slightly above the 
Norris efficiency curve for part loads but lies below the Norris 
curve at maximum efficiency and at full load. 

The Department of Operations of the Authority uses a curve, 
such as that shown in Fig. 12, giving over-all efficiency and dis- 
charge against kilowatt output for various heads between 130 
ft minimum and 250 ft maximum. The curve for 180 ft head is 
taken directly from the index test, but the other curves are based 
on the 169/,«-!n. model test adjusted in accordance with the field 
performance; in this particular case, upon the performance of the 
Norris turbines at various heads. 


Discussion 


R. V. Terry.‘ It is seldom that a manufacturer has the 
opportunity of furnishing large turbines of identical design for 
two or more power plants. In this case, the three Norris and 
Hiwassee turbines are practically identical, as mentioned by the 
authors. A fourth turbine of the same design was furnished for 
the Flathead plant of the Rocky Mountain Power Company in 
Montana, rated 77,000 hp, 189 ft head, 112.5 rpm. 

Fabrication of the heavy steel-plate casings was a major job, 
especially the casing for Hiwassee which was made from the 
higher-tensile-strength material. The casings were built by men 
originally trained in the construction of Scotch boilers for 
marine use. A brief outline of the procedure for building a 
casing of this type is as follows: Each plate, which is of irregular 
shape, is developed one quarter size in the drawing room. Full- 
size molds for laying off the plates are then made from offsets, 
following a procedure generally used in shipbuilding. After 
laying out, the plates are cut to size and partially drilled (1/16 in. 
undersize) for the fitting-up bolts. The plates are rolled to the 
correct curvature and the butt straps are knuckled where neces- 
sary on a hydraulic press. Adjoining plates are fitted together 
and the joints ironed out locally as necessary on a hydraulic 
press. After each plate has been temporarily fitted to its ad- 
jacent plate, the complete shop assembly with the speed ring is 
started, beginning with the large end of the casing. Consider- 
able use is made of heavy jacks, shoring, chain falls, bolting 
machines, etc. 

After all sections of the casing are in place around the speed 
ring, the joints are laid up by local heating as necessary, and by 
a liberal use of fitting-up bolts. The rivet holes are then drilled 
to size. The general alignment of the casing is checked several 
times during the assembly processes, but the final center lines 
are not established until the shop assembly has been completed. 
After the assembly is dismantled, the speed ring is finally ma- 
chined and drilled for its several other connecting members, 
using the center lines established from the assembly. In this 
way, a correct field assembly is assured. Tach of the drilled 
rivet holes serves as a dowel hole so that no difficulty is ex- 
perienced in relocating the plates in the field assembly exactly 
as they were in the shop. No rivets are driven until all parts of 
the casing are assembled and aligned. 

The special cast-steel piece at the junction of the small and 
large ends of the casing resulted in some simplification in design 
and economy in construction. This part was actually made in 
two pieces, one at the top and one at the bottom, joined by steel 
plates. 

Some of the 1'/,-in. rivets at the speed-ring flanges passed 


4 Hydraulic Engineer, Newport News Shipbuilding and Drydock 
Company, Newport News, Va. Mem. A.S.M.E. 


through four thicknesses of material and had a grip length of 5 
in. The rivets were driven with 90-lb hand guns, using dies with 
a special shaped shank to prevent breakage. Standard rivet 
sets with straight shanks were found to be unsuitable for this 
service. It was also found from experience in driving the rivets 
that the longer rivets had to be made longer, by amounts up to 
5/, in., than the lengths determined by conventional methods. 

The main-shaft stuffing boxes, which were about 40 in. diam, 
were packed with six rings of 11/,-in-square braided asbestos 
packing, lubricated with graphite. A lantern ring for the ad- 
mission of cooling water was placed at the middle of the box. 
No grease is used in the boxes as previous experience with 
similar large units demonstrated that better service was secured 
by omitting all lubricants other than the graphite and water. 
When grease was used, the packing rotated and tended to jam 
and cause excessive heating. 

The main-bearing oil sump is located in the crown plate where 
it is cooled by the adjacent water. No cooling coils were found 
necessary. The maximum temperatures were found to be about 
130 F. 

Some of the more important weights of each turbine were ap- 
proximately as follows: 


Runners. sehen cee he ee oe 45 Tons 
‘Turbine isbattce..ptsr.c nk Oe 25 Tons 
Speed ining iors cies cual ee ear 65 Tons 
Crown platesd0se econ 30 Tons 
Spiralicasing 00 .,...0¢050 see ae 225 Tons 


The total weight of one complete turbine, exclusive of governor 
equipment, was about 450 tons. 

The Holyoke model tests were made in 1926. The 93.6 per 
cent efficiency obtained on these tests is on a par with the best 
efficiencies ever obtained in that testing flume. However, while 
comparative, the Holyoke results must be discounted somewhat 
and cannot be stepped up in the customary way as is done with 
the more accurate results secured in modern hydraulic labora- 
tories. It is often considered fortunate if the Holyoke efficiencies 
are equaled by the field results. 

The laboratory model really should have included a model of 
the spiral casing. A riveted casing of the Norris and Hiwassee 
types probably results in relatively higher frictional losses near 
full load, which prevents full realization of the maximum power 
output that might otherwise be obtained. This is borne out by 
the comparative results shown in the authors’ Fig. 8, where it 
is seen that very little gain in power or efficiency at the higher 
gate openings was obtained in the field, as compared with the 
model results. If the model had included a duplication of the 
casing construction, it is believed a greater differential would 
have been noted near full load. 
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The medium specific speed employed with these turbines re- 
sults in a very satisfactory power-efficiency curve that is quite 
flat, and approaches the shape of curve that can be realized with 
the newer adjustable-blade type turbines suitable for the lower 
heads up to about 80 ft. 


R. E. B. Sarr. The Norris and Hiwassee casings were, 
presumably, completely riveted in the field, with the sections 
nested into each other for compactness during shipment. The 
external girth butt straps, it is noted, were located at the section 
joints and were, therefore, crimped to suit the angles between the 
sections. 

As a contrast to this design are shown Figs. 13 and 14 of this 
discussion, a shop view of a welded-plate steel casing for one of the 
I. P. Morris turbines for the Lower Colorado River Authority, for 
installation in the Marshall Ford Plant near Austin, Texas. The 
turbines are rated at 27,000 hp under a head of 120 ft, with a 
maximum head of 216 ft. The casings were fabricated in the 
Baldwin Locomotive Works at Eddystone, Pa. The diameter 
at intake to the casing is 172 in., with a maximum plate thickness 
of 15/,, in. This thickness exists in the vicinity of the intake 
near the speed ring, while that at the intake around the periphery 
is only lin. The difference is due to considering the casing as a 
torus with the greatest radial loads near the center. 


5 Chief Engineer, I. P. Morris Department, Baldwin Locomotive 
Mem. A.S.M.E. 


Works, Philadelphia, Pa. 


Fie, 18 Wertpep-PLatTa; TURBINE CASING 


Fie. 14 Derait or Fie. 13 


As will be noted from Fig. 18, there are six joints for field 
riveting. These are located between sections and, therefore, 
no crimping was required of the butt straps. 

All welds were radiographed, and were chipped out and re- 
welded where the films showed more defects than permitted by 
A.S.M.E. Class 1 weld. The sections were then stress-relieved, 
and finally fitted to the speed ring and to each other. 

With a given allowable stress, this construction permits the 
use of thinner plate than does riveting, due to the superior ef- 
ficiency of the butt-weld joint. The plate thickness at the 
speed ring, however, is determined by the riveted joints at that 
location. Also smoother flow surface is obtained than with 
girth-lap joints, which would have been employed otherwise; 
rivet heads are also avoided. 

A different treatment of the terminal section of the casing 
from that described by the authors is illustrated in Fig. 18, 
which shows the section to be constructed entirely of plate. 
The outside wall of the casing is continued past the baffle vane 
to a welded junction with the intake portion, while a vertical 
baffle plate inside of the scroll curves inward to meet the 
cast baffle vane of the stay ring. The hollow space between the 
baffle plate and the outside wall is filled with grout, which ef- 
fectively supports the baffle plate and retains its shape. 

It is the writer’s experience that had the Norris model been 
tested with a casing, the efficiency and power developed there- 
from would have been slightly reduced. This would have had 
the effect of increasing above 1.5 per cent the relative increase of 
the prototype power above the model. It is also the writer’s 
experience that the coefficient of flow through the wicket gates of 


‘the prototype is greater than for the model, even where a casing 


is employed in both instances. In making close comparisons of 
models and prototypes involving gate opening, it should also be 
borne in mind that the true value of tends to be lower on the 
prototype than on the model, due to the higher efficiency of the 
former, 

A further explanation for the slight discrepancies between the 
model and prototype performances might lie in slight differences 
in design which result in the model and the large unit not being 
exactly homologous. It is noted that the power at best efficiency 
of the prototype is about 2 per cent less than that of the model. 
If the power-efficiency curve of the large unit is shifted to the 
right by this amount, the curve becomes very closely parallel 
with that of the model. Similar consideration would, to some 
extent at least, account for the convergence of the power-gate 
curves of the prototype and model. 

It is believed that the authors’ curve of the Norris test, Fig. 
9, is incorrectly low at the smallest values of power, as in this 
respect it does not appear to check Fig. 8. The Holyoke test 
curves, while probably too high all along the line, do show the 
gain in efficiency at maximum and minimum values of power, due 
to the straight tube. 

It is believed that the Hiwassee turbine is suffering a loss in 
power at the higher gate openings (authors’ Fig. 8), due to air 
admission. The model curves, Fig. 11 of the paper, do not jus- 
tify this relative decrease in power as compared to Norris. Air 
admission at full load generally results in some loss of power, but 
in smoother operation. 


AuTHORS’ CLOSURE 


Mr. Terry calls attention to practical obstacles attending the 
use of 11/,-in. rivets with very long grip. The field erection 
forces experienced much difficulty in maintaining sufficient heat 
to insure workability in driving without actually burning the 
rivet steel. 

Mr. Sharp gives an interesting description of the welded-plate- 
steel casing for the Lower Colorado River Authority. Such pro- 
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TABLE 6 POWER READINGS WITH AIR VENT CLOSED 
AND OPEN 


Loss 
Turbine’ Gross Kw by Kw at power, 
gate head, watthour 180ft air valve Power loss, 
opening ft Air vent meter gross head open per cent 
100 181.66 Closed 55861 55200 
90 181.58 Closed 54800 54100 
80 181.63 Closed 52650 52000 
70 181.74 Closed 49200 48500 
60 181.92 Closed 43650 43000 
50 182.47 Closed 35950 35250 
40 182.76 Closed 27330 26750 
60 182.08 Open 43650 42950 50 0.116 
50 182.26 Open 35600 34950 300 0.86 
40 182.90 Open 27250 26600 150 0.56 
40 184.37 Open 27300 26350 400 1.52 
50 183.61 Open 35780 34720 530 1.52 
60 182.87 Open 43950 42950 50 0.116 
70 182.45 Open 49400 48400 100 0.21 
80 181.68 Open 52950 52250 —250 —0.48 
90 181.56 Open 54600 53900 200 0.37 
100 181.39 Open 55650 55000 200 0.36 


cedure was unheard of in 1934, when the Norris turbines were 
ordered; and, even in 1938, when the Hiwassee turbine was 
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awarded, there was no actual experience on welding the scroll 
case of a turbine of this size. A paper describing in detail the 
construction of a welded-plate scroll case and of the X-ray and 
pressure tests would undoubtedly be of great interest and value. 

Mr. Sharp is correct regarding the lower part of the Norris test 
curve in Fig. 9 of the paper. This curve is in error from 50,000 
hp down to 35,000 hp and should cross the 86 per cent line at 
35,000 hp, which would bring it just above the Hiwassee curve. 

Referring to the last paragraph of Mr. Sharp’s comment, the 
authors submit Table 6 of this closure, giving power readings 
taken at Hiwassee with the air vent closed and open. Omitting 
the reading at 80 per cent gate, which is probably in error, the 
tests indicate that, with the air valve open at gates from 60 per 
cent to 100 per cent, there is a decrease in output of from 50 to 
200 kw, or from 0.1 per cent to 0.37 per cent, which is too small 
to show on the curves of Figs. 8 or 9. 


The Separation of Liquid From Vapor, 


Using Cyclones 


By ARTHUR POLLAK! anp L. T. WORK,? NEW YORK, N. Y. 


In this paper, the various types of cyclones are reviewed 
and the data on their performance are summarized. 
Experiments with cyclones for separating liquids from 
vapors are described. The performance data obtained 
conform to the equation log [L, (V/L)*| = b + cV; where 
L, is the entrainment or liquid remaining in the effluent 
vapor, V is the vapor velocity, L is the liquid velocity, all 
in units of pounds per minute per square foot of inlet- 
duct cross section. Terms a, b, and ¢ are constants asso- 
ciated with the equipment and its mode of operation. 
The principal source of the entrainment is shown to be 
the wall creep of liquid in the cyclone, impelled by the 
radial component of the vapor velocity. 


INTRODUCTION 


HE separation of liquids from vapors is frequently a serious 

problem in industry. The performance and capacity of 

boilers, evaporators, gas scrubbers, and distillation units 
are often limited for a lack of adequate means for removing 
entrained liquid from vapor streams. Separators operated 
with such vapor-liquid streams frequently function at com- 
paratively high vapor velocities, and often, large quantities of 
liquid must be separated. Cyclones are widely used for this 
work, 

The performance of cyclones is governed predominantly by 
variables of two categories; (a) operating variables, relating to 
the properties and to the states and rates of the solids, liquids, 
and gases handled, and (b) design variables, involving the types, 
arrangements of parts, and dimensions of cyclones. 

The number of operating variables is reduced considerably 
if interest be limited to the field of greatest practical importance; 
i.e., the separation of steam from aqueous solutions. 

Design variables are affected in some measure by these operat- 
ing variables. Thus, the velocity and relative amounts of liquid 
and of vapor influence the design of a cyclone. Very few system- 
atic series of experiments have been published on cyclone 
design variables, and those only on dust separation. The cy- 
clones most commonly used today are of simple construction, 
containing few parts. Simple cyclones are, therefore, of consider- 
able practical interest and are the most likely to yield perform- 
ance data capable of correlations which would be comparatively 
independent of physical dimensions. 

If some relation among the separating efficiency of a specific 
cyclone, the velocity of the vapor, and the amount, of liquid could 
be established and, perhaps, extended to other cyclones and 
vapor-liquid streams, an insight into the nature of the entrain- 
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ment might be gained and some useful generalizations might be 
achieved, 

While some experimental data have been published on the 
separating efficiency of cyclones on dusts, no data have been 
discovered on the effectiveness of cyclones for separating liquids 
from vapors. 


Typns or CrYcLonns 


In reviewing the many variations in cyclone design, a system 
of classification appeared to be desirable. Accordingly, cyclones 
were classified in terms of the relative complexity of the path of 
an element of the gas or vapor stream. Such a grouping closely 
parallels the structural variations. With this functional defini- 
tion in mind, the following classes were identified; examples of 
the various groups are also being considered: 


1 “Simple Cyclones: In this type the path of the vapor 
within the cyclone is unimpeded, an clement of vapor traveling 
smoothly from a tangential inlet to a central exit. 

(a) “Standard cyclones” in which the path of the vapor is 
vortical, the vapor ascending through a central exit. Under this 
classification are cyclones in which the vortical path is of large 
diameter in relation to its length, and those in which the vortical- 
path diameter is small in relation to its length; this ratio being 
stated by some to be about 0.2 or less. 

(b) “Webre cyclones” in which the path of the vapor is vorti- 
cal, the vapor descending through a central exit. 

(c) “Spiral cyclones’ in which the path of the vapor is spiral, 
the vapor having no vertical velocity in the cyclone. 

2 “Complex Cyclones: In this type the path of the vapor 
within the cyclone is guided or modified by means of special fea- 
tures or parts of the following categories: 

(a) Inlets, (b) internal parts, (c) vapor outlets, (d) Jiquid 
and dust outlets. 

8 “Compound Cyclones: In this type the vortical path of 
the vapor within the cyclone is divided into separate vortical 
paths, 


These various types will be outlined briefly. While such per- 
formance data as have been published always refer to the separa- 
tion of dusts from gases and, therefore, may not be analogous to 
performance data for vapor-liquid streams, the comparison is of 
interest. 


SimpLe SrANDARD CycLonns or Lanan Diamerer 


A simple standard cyclone of large diameter is illustrated in 
Vig. 1. Reams (49)* has tabulated the dimensions of units vary- 
ing from 4 to 18 ft diam. The American Blower Corporation (5) 
lists optimum dimensional relations. Dedrick (21) states that 
the volume of a cyclone should be from 1/, to !/y that of air 
handled per minute. 

These cyclones are applied most frequently to the separation 
of coarse dusts and are also used extensively in air-classifying 
systems, as steam separators. They also appear to be the pre- 
ferred device for disengaging steam in discharging wood-pulp 
digesters. Others (8, 14, 61) consider its application for cleaning 
dust from gases, whereby the gases are sprayed with liquid and 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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the entrained, dust-bearing droplets are thus separated. Mauthe 
(42) proposes wetted-wall cyclones for cleaning gases. 

For separating liquids from vapors, Webre (71) states that 
this type is comparatively unsuited because of the re-entrainment 
of liquid at the rim of the outlet tube. Alden (2) limits its effec- 
tiveness to dusts above 50». According to the American Blower 
Corporation (6), the lighter the dust, the lower the air velocity 
should be; the inlet velocity should not exceed 40 fps. Barth 
(10) found, on an 8-in. model, that efficiency increases with veloc- 
ity to a maximum and then decreases. Dedrick’s data (21) also 
indicate that an optimum velocity exists. Drijver (22), on the 
other hand, reports only an increase with velocity. This was 
confirmed by Whiton (76) who also showed, testing cyclones 1, 2, 
and 3 ft in diam, that the smallest diameter gave the greatest 
dust recovery. 

The only generalization which can be deduced from the fore- 
going references is that simple, large-diameter cyclones are not con- 
sidered so effective as some of the modified types to be discussed. 


SIMPLE STANDARD CYCLONES OF SMALL DIAMETER 


The realization that high velocities improved the efficiency 
of dust separation led to the development of long narrow cyclones, 
typified in Fig. 2. They are dimensioned to attain a specific 
efficiency, increases in capacity being achieved by increasing the 
number of units. However, this gives rise to complicated dis- 
tribution problems which, if not adequately solved, minimize the 
advantages of these cyclones. This type is applied mainly to 
dusts below 50 uw. Abrasive dusts cause excessive wear. Ac- 
cording to Horne and Lissman (38), their vertical height should 
be at least 6 times their diameter. Lissman (40) discusses units 
with tubes as small as 4 in. diam. Horne and Lissman have also 
considered the application of these cyclones for separating en- 
trained droplets from sprays. Various arrangements of distribut- 
ing systems have been proposed (18, 33, 34, 35, 45, 46, 66, 67). 
Recently Freeman (28) has applied this type to the separation of 
dirt particles from thin slurries of wood pulp. 
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No data correlating efficiency and velocity have been pub- 
lished. According to Lissman (40), a collection efficiency exceed- 
ing 99 per cent is possible, using 4-in. cyclones, with particles 
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averaging 54. Alden (2) writes that such a cyclone handles 70 
cfm. 


SmmpLe WEBRE CYCLONES 


Webre cyclones are illustrated in Figs. 3 and 4 (6). No data 
have appeared in the literature on the sizes or dimensions, but 
units are known to be in operation which vary from 9 in. to over 
6 ft in. diam. Webre cyclones have been frequently used as en- 
trainment separators on vacuum evaporators and have also 
proved effective in diameters below 12 in. for separating liquid 
from vapor in the flash distillation of oils (27). This type of cy- 
clone appears to be merely an inverted standard cyclone, but 
Webre and Robinson (71) pointed out that, unlike standard cy- 
clones, liquid does not run along the central outlet pipe to be en- 
trained at the rim. 


Smmp_e Srrrat Cyclones 


Spiral cyclones as, for example, that of Fig. 5, are usually con- 
sidered to have the advantage of inducing an increasing centri- 
fugal force on particles as they move toward the center outlet, 
thereby impelling them to move outward against the gas stream. 
Air grinding classifiers, or micronizers, utilize a somewhat similar 
design. Frequently, to insure a long spiral path, a spiral baffle is 
installed, whereby the gas is constrained to move in a spiral path 
of the desired pitch. Such separators will be considered as com- 
plex cyclones. 


CompLex CYcLONES 


Many modifications in cyclone design have been proposed to 
reduce velocity-head losses and to improve efficiencies. While 
reduced friction losses are comparatively simple to demon- 
strate, increased efficiency is not so readily ascertained, since 
variations in particle sizes must be taken into account. Numer- 
ous patents and other literature deal with modifications in the 
four principal structural elements of cyclones as follows: 


(a) Jnlets. Various vanes, baffles, or special ports are pro- 
posed for obtaining better entrance conditions. 

(b) Internal Parts. Special shapes, baffles, or parts are of- 
fered for improving the efficiency of separation. 

(c) Vapor Outlets. Modifications, involving louvers and 
ports, are devised for aiding the exit of cleaned vapor or gas. 

(d) Inquid and Dust Outlets. Special designs for facilitating 
the exit of the separated liquid or dust. 


Inlets. Alden (2) tabulates dimensional data for cyclones with 
helical tops used to reduce entrance losses. Capacities from 500 
to 40,000 cfm, having diameters from 8 to 14 ft, are given. De- 
flector plates at the inlet also serve to reduce entrance losses. 
This has been confirmed by Shepherd and Lapple (54). The use 
of vanes to initiate the whirling motion is the subject of a number 
of patents (3, 4, 12, 25, 26, 32, 36, 37, 38, 48, 51, 62, 74). Others 
(11, 29, 30, 31) prefer louvers for this purpose. Scroll-shaped in- 
lets have also been described (34, 65) Alexander (8, 4) describes 
a central baffle below the entering zone which forces the fluid 
material to flow near the wall of the cyclone. Various other in- 
lets have been described (1, 15, 20, 70). 

No systematic comparison data have appeared, comparing the 
efficiencies of any of the wide variety of inlets. Barth (10) dem- 
onstrated that a small-diameter inlet gives higher dust recoveries 
than a large inlet for the same volume of gas handled. 

Internal Parts. Barth (10) tested identical cyclones with and 
without a spiral vane and found the empty cyclone more ef- 
ficient. Webre (72) considers the spiral-baffled Hughes separa- 
tor very effective as an entrainment separator in evaporators, but 
gives no data. The use of spiral vanes is also the subject of pat- 
ents (11, 24, 44, 67). Drijver (22) tested vanes placed against 
the shell of a cyclone operated as a dust separator. With the 
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vanes pitched into the gas stream, he obtained a 35 per cent dust 
recovery. Pitched so as not to oppose the gas stream, the re- 
covery was 55 per cent. Removed altogether, the recovery rose 
to 75 per cent. He attributed their detrimental action to re- 
entrainment. Alden states (2) that reversing vanes below the 
outlet pipe increased the resistance to a total of 1 to 2 velocity 
heads but that they also increased the separating efficiency for 
small particles. A disk or cone, centered below the outlet pipe, 
is also frequently seen. Other patents on this type of improve- 
ment have been granted (12, 15, 18, 20, 25, 41, 44, 51, 55, 56, 64, 
66, 67, 68). 

Vapor Outlets. Schaak (52) found that straightening vanes 
below the exit tube reduced the velocity-head losses approxi- 
mately 50 per cent. Shepherd and Lapple (54) confirm this. 
No suggestion of its effect on separating efficiency is offered. 
Patents on the use of straightening vanes have been secured 
(36, 37, 48). Prockat (47), experimenting with dust, compared a 
cyclone containing a widely flared exit tube with one having no 
internal exit tube and found the latter much more efficient. 

Many designs show louvers inserted into the exit tube. In 
the Van Tongeren cyclone (65), the exit tube is replaced by a ring 
of reversing louvers, whereby the gas reverses its flow. The 
length of the outlet tube does not appear to be important, ac- 
cording to Barth (10). As might be expected, supports and other 
obstructions were found to decrease the efficiency of separation. 

Liquid and Dust Outlets. A number of improvements over the 
common hopper-bottom dust outlet have been devised. In some 
the dust is withdrawn as an annular ring near the wall by using 
baffles (3, 4, 63, 77). The use of vertical slots for skimming off 
liquid or dust has also been considered in patents (4, 13, 65, 68, 
70), as have series of perforations (64, 66, 67). 


ComMPouND CYCLONES 


Increased efficiency is claimed for the compound cyclone. Re- 
entrainment, especially of the fine particles near the wall, is mini- 
mized by skimming off a layer of gas near the wall and trans- 
ferring this dust-rich layer to a second cyclone. The Van Ton- 
geren cyclone of this design is claimed to give 80 per cent ef- 
ficiency with 10 » particles (16, 65). Stebbins (59) and O’ Mara 
(46) show similar arrangements. According to Alden (2), identi- 
cal cyclones in series are not worth while. 


Factors INFLUENCING THE INVESTIGATION OF CYCLONE PER- 
FORMANCE 


When cyclones are used for separating liquids from vapors, the 
system consists of the following: 


1 A vapor-liquid mixture entering the cyclone. 

2 A cleaned-vapor effluent, containing a residual portion of 
unseparated or re-entrained liquid, the entrainment. 

3 A liquid effluent, consisting of the separated liquid. 


The entrainment is the main criterion of the performance of a 
cyclone. For a specific cyclone, handling a specific vapor-liquid 
stream, there should be some relation among the vapor velocity, 
the amount of liquid, and the particle-size distribution of any 
liquid in droplet form. 

In discussing the action of cyclones, writers (78, 79, 80, 81) 
have generally reasoned that increasing the velocity increased the 
effectiveness of separation. However, it is also commonly recog- 
nized that a cyclone can be overloaded. Any adverse effect of 
velocity on the effectiveness of separation has always been tacitly 
ascribed to secondary effects arising from supposed structural 
defects in the particular cyclone. In spite of the many varied 
designs of special inlets, baffles, and outlets, which have been 
proposed, there appears to be an increasing agreement among 
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experienced designers that baffles and other complicating features 
are of doubtful effectiveness. 

In cyclones applied to the separation of dusts, the particle- 
size distribution is an important factor in the effectiveness of 
separation, especially when any considerable portion comprises 
particles below 50 uw. In separating vapor-liquid mixtures from 
stills, evaporators, or pressure vessels, the size of droplets is not 
always so important. In practice, cyclones are known to remove 
most of the entrained liquid. Consequently, it would seem likely 
that most of the liquid in such vapor-liquid streams occurs either 
in bulk or as droplets coarse enough to be separable by centri- 
fugal force. The presence of any considerable amount of liquid 
in the form of droplets of a few u diameter is also unlikely, in view 
of the large amount of energy required for disintegration. This 
would suggest that the presence of small droplets is not neces- 
sarily a dominant factor in the performance of cyclones separating 
considerable liquid. 


EXPERIMENTAL PROCEDURE 


To facilitate the correlation of data, all quantities of liquid and 
vapor are expressed in terms of weight velocities referred to the 
cross section of the inlet tube as follows: 


L, = pounds of liquid leaving per minute in effluent vapor per 
square foot of inlet cross section, lb per min per sq ft 


V = pounds of vapor entering per minute per square foot of 
inlet cross section, lb per min per sq ft 
LI = pounds of liquid entering per minute per square foot of 


inlet cross section, lb per min per sq ft 


TUBE 
i HEATER 
| i or 5 


(L-Ly (v+ty) 


GEAR 
PUMP 


KCI SOLN 


Fia. 7 GenerRAL ARRANGEMENT OF APPARATUS FOR ENTRAINMENT 
Txsts, Ustine Heater TuBES 


Van 
Ty 


CYCLONE 
FIG.4 


IMPINGEMENT 
STEAM JET 


KCI SOLN 


LIQUID 


Fie. 8 GrnerAL ARRANGEMENT OF APPARATUS FOR ENTRAINMENT 
Tests, Usina A Stram Jet AND IMPINGEMENT TRAP 


POLLAK, WORK—SEPARATION OF LIQUID FROM VAPOR, USING CYCLONES 35 


Accordingly, the vapor-liquid mixture entering the cyclone is 
(V + L); the cleaned vapor effluent containing residual liquid is 
(V + L,); the liquid effluent is (LZ — L,). 

The entrainment in cyclones could be defined in a number of 
ways. Thus, viewed as an impurity in the vapor, the entrain- 
ment may be considered to be the ratio of (L,/V) or, viewed as 
a loss of liquid, it may be (Z,/L). For the purpose of this re- 
search, the entrainment is defined as L,, the pounds of liquid 
leaving per minute with the effluent vapor per square foot of inlet 
cross section. 

The operating and design variables of various cyclones were 
investigated in 15 series of experiments. The cyclones used are 
illustrated in Figs. 4, 5, and 6. A jacketed-tube heater, Fig. 7, 
whereby water or dilute potassium-chloride solution could be 
partially vaporized, was used for generating continuous streams 
of steam-water mixtures. Fig. 8 illustrates the application of 
steam jets to supply such mixtures. 

The condensed vapor effluent (V + Z,) and the separated 
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liquid effluent (LZ — L,) were collected for one or more minutes 
and measured in suitable graduated cylinders. Both effluents 
were analyzed for chloride ion by titrating an aliquot with ap- 
proximately 0.1 molar silver-nitrate solution, using sodium chro- 
mate as an indicator. Where the vapor effluent was too dilute to 
secure distinct end points, or the titer was too small, the potas- 
sium-chloride concentration was estimated by means of a Leeds 
and Northrup portable electrolytic resistance indicator and dip- 
type conductivity cells. Calibration curves for the two cells used 
were made from measurements using various dilutions of 0.1 
molar potassium-chloride solution. Temperature corrections 
were made by cooling or warming samples to 25 + 5 C and then 
noting the temperature to 0.5 deg, when reading the resistance 
meter. All resistances were converted to a 25 C basis by correct- 
ing readings 2 per cent per deg deviation. Wherever the concen- 
trations permitted, the conductivity method was checked by the 
titration method. The results invariably checked within several 
per cent. 

At the operating rates encountered in these experiments, errors 
due to vapor condensation in the cyclone or liquid flashing at the 
cyclone inlet could safely be ignored, so that the separated liquid, 
(L — L,), and the entrained liquid, L,, were considered identical 
in potassium-chloride concentration. Since the potassium- 
chloride concentration in (LZ — L,) and in (V + L,) was de- 
termined, L, could be computed. 

The experiments are ordered chronologically, the upper-case 
letters referring to a specific arrangement of equipment and the 
numbers to individual experiments in which V or L was varied. 


Some data were collected on the pressure drops in the cyclones 
but omitted from this paper since it did not appear to be perti- 
nent. Efforts were also made to gage the velocity head at vari- 
ous points within the 1.85-inch Webre cyclone by inserting shaped 
copper capillary tubes but this cyclone was so small that excessive 
refinements in such a technique appeared necessary for consistent 
readings. 


ENTRAINMENT CORRELATIONS IN 1.85-In. WeEBRE CYCLONE 


Using the 1.85-in. Webre cyclone of Fig. 4 (b) and the jacketed- 
tube vapor generator, shown in Fig. 7, a very definite relation 
among the entrainment L,, the vapor velocity V, and the liquid 
velocity L was found. The simplest correlation appears to be 


v\? 2 
1B; (") = il! lh ..[1] or Log E (*) | = bo + @V.. [2] 


where a, b, and ¢ are constants. 
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Fig. 10 ENTRAINMENT RELATION IN A 1.85-IN. WEBRE CYCLONE 


(Series A using 24-in. heater tubes; series H using 48-in. heater tubes, ar- 
ranged as in Fig. 7. Data from Table 1.) 


The results of 31 experiments in two series, covering wide varia- 
tions in L and V, are summarized in Table 1 and the functional 
relation of L,, V, and L is illustrated in Fig. 10. For the experi- 
ments of series A, two 24-in. heater tubes, 0.58 in. inside diam 
were used. In series H these were replaced with two 48-in. 


TABLE 1 ENTRAINMENT CORRELATIONS IN A 1.85-IN. WEBRE 
CYCLONE 


Entrainment 


Vapor Liquid Entrain- Sanchion 
velocity, velocity, ment, V\2 
lb per lb per lb per log [ (Z) 

Experi- min per min per min per L 

ment sq ft sq ft sq ft x 108 | 

no. V L Le Remarks 

A- 1 620 960 13.0 6.73 KCl solution me- 
A- 2 360 1310 0.13 3.98 tered into two 
A- 3 500 1100 2.9 5.80 24-in. heater 
A- 4 370 1280 0.53 4.66 tubes 

A- 5 380 1260 0.37 4.53 

A- 6 280 1360 0.18 3.90 

A- 7 320 1330 0.19 4.04 

A- 8 190 1560 0.052 2.86 

A- 9 470 1110 0.36 4.80 

H- 1 390 780 0.331 4.91 KCl solution me- 
H- 2 530 610 0.19 5.16 tered into two 
H- 3 790 140 0.28 6.96 48-in. heater 
H- 4 740 570 8.4 7.16 tubes filled with 
H- 5 780 270 3.01 7.41 jack chain 

H- 6 820 230 9.2 8.07 

H- 7 780 440 7.3 7.36 

H- 8 550 900 8.8 6.51 

H- 9 820 110 0.42 7.35 

H-10 630 1370 2.78 5.76 

H-11 650 1310 6.2 6.19 

H-12 540 2410 2.26 5.06 

H-13 770 130 0.31 7.03 

H-14 470 2840 2.9 4.89 

H-15 780 90 0.158 7.08 

H-16 310 430 0.008 3.64 

H-17 270 750 0.044 3.74 

H-18 490 530 0.139 5.08 

H-19 230 830 0.028 3.32 

H-20 160 870 0.00024 2.89 

H-21 740 150 0.173 6.63 

H-22 60 540 0.0254 2.47 
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tubes of the same diameter but filled with brass jack chain to in- 
sure intimate mixture, 


ENTRAINMENT CORRELATIONS IN A 36-In. STANDARD CYCLONE 


A standard cyclone 36 in. diam, Fig. 6, was tested at the Ty- 
rone, Pa., mill of the West Virginia Pulp and Paper Company, 
where it served to separate black liquor from steam. This cyclone 
was so installed that, while the effluent vapor (V + L,) could be 
sampled and measured by means of a pitot tube in the piping 
from the cyclone to a condenser, the effluent-separated-liquid 
piping was accessible only for sampling the liquid (L — L,). 
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However, it was known that the ratio V/Z was nearly constant, 
so that a simplified form of Equation [2] should apply, namely 


Log Ib, = bs 4. c3V Sigjets\s\/a) Ale) Sleleleleleieelelels [3] 


The data of Table 2 and the corresponding Fig. 11, would indi- 
cate such a relation. While this does not demonstrate that, if 
the ratio V/L had varied, Equation [2] would have applied, never- 
theless, it serves to show that the entrainment increases with the 
inlet-weight velocity V in this cyclone also. 


TABLE 2 ENTRAINMENT OF BLACK LIQUOR IN A 36-IN, 
STANDARD CYCLONE 


Vapor 
velocity, Entrainment, 
lb per min b per min Entrainment 
Experiment per sq ft per sq ft function 
no. V Le log [Lv X 103) 
P-1 530 6 3.78 
P-2 530 11 4.04 
P-3 660 260 5.41 
p-4 660 170 5.23 
P-5 710 530 5.72 


Tue INFLUENCE OF DROPLET S1zE ON ENTRAINMENT 


To increase the proportion of liquid entering the cyclone in 
droplet form as compared to liquid of greater bulk, an impinge- 
ment trap Fig. 9 was inserted in the vapor-liquid line before the 
cyclone. Most of the liquid present as large drops or in bulk was 
thus drained from the bottom of the trap. In some of the experi- 
ments, the tube heaters were replaced by two sizes of steam-jet 
injectors, Fig. 8. 

The results of the four series of experiments so made are sum- 
marized in Table 3 and illustrated in Fig. 12. It will be seen that 
in all cases the entrainment function, Equation [2], furnished a 
definite correlation which may be compared with the results of 
series A and H in Fig. 10. The constants b and c, corresponding 
to the intercept and slope of the lines of Fig. 12, are thus seen to 
be influenced by the nature of the liquid, presumably by the par- 
ticle-size distribution of the liquid in the liquid-vapor stream. 
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TABLE 3 INFLUENCE OF DROPLET SIZE ON ENTRAINMENT 
Vapor Liquid Entrain- 3 
velocity, velocity, ment, Pp Bt ineiene Steam- 
lb per lb per lb per ycue Steam- jet 
Experi- min per min min oa ve ; jet pressure 
ment sq ft sq ft sq ft (Z ) alee psi 
no. v L Le [ L “Sia in, gage 
D2a 530 21 1.09 8.82 a/ 43 
b 230 34 0.65 7.49 3/4 43 
D3a 550 29 1.02 8.57 a/s 42 
b 240 32 0.63 7.56 a/3 42 
Ela 700 89 0.15 6.97 3/4 11 
b 470 121 0.094 6.16 t/4 11 
E2a 790 118 0.26 7.06 3/4 13 
b 380 126 0.18 6.21 3/4 13 
E38a 870 134 0.40 7.24 a/4 17 
b 550 173 0.21 6.34 3/4 17 
Fla 520 31 0.92 8.41 8/4 43 
b 240 25 0.58 7.75 3/5 43 
F2a 130 7.8 3.0 8.92 3/4 20 
b 210 9.2 4.6 9.37 3/5 20 
c 290 14 8.6 9.59 3/5 20 
F3a 510 22 0.91 8.70 a/y 40 
b 420 25 0.76 8.34 3/5 40 
c 220 21 0.66 7.89 3/9 40 
F4a 290 8.0 4.1 9.73 a/s 20 
b 120 8.1 3.8 8.97 a, 20 
G2a 640 155 0.28 6.69 
b 310 100 0.150 6.18 
G3a 720 200 0.45 6.76 
b 360 135 0.16 6.07 | two 48-in. tube 
G4a 710 260 0.44 6.53 heaters 
b 380 160 0.155 5.93 
Gba 830 140 0.32 7.08 
b 360 100 0.135 6.22 
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Thus, the small steam jet displaces the function to the greatest 
degree. 
Desien VARIABLES IN 1.85-IN. CycLonEs 


Comparison of Webre and Standard Cyclones. A series of com- 
parison tests was made, changing from Webre to standard cy- 
clone by changing the glass parts of Fig. 4 (b) to those of Fig. 4 
(a). The metal inlet plate was remachined to furnish a 0.25-in. 
tangential inlet in place of the 0.50-in. inlet used in previous 
experiments. Otherwise, the arrangement of apparatus was that 
of Fig. 7, no trap being used. The results are recorded in 
Table 4 and shown in Fig. 13. 

The difference in operation between the cyclones was quite 
noticeable. Where, in the Webre cyclone, the outer wall of the 
exit tube remained dry and liquid spread over the shell only, in 
the standard cyclone, considerable liquid ran down the outer wall 
of the exit tube to be entrained in the vapor. Varying the height of 
the shell above the inlet plate from 0 to 2 in. did not appear to 
decrease the movement of liquid onto the exit-tube wall. These 
results confirm Webre’s contention that a central exit tube in the 
top end of a cyclone aids entrainment. 

Inlet Sizes of Webre Cyclone.. The effect of varying the inlet 
size from 0.50 to 0.25 in. diam may be noted by comparing, in Fig. 
13, the data of series L for a 0.25-in. inlet, with the earlier series 
H, where a 0.50-in. inlet was used. Increasing the inlet velocity 
displaced the entrainment function, Equation [2]. 
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TABLE 4 DESIGN VARIABLES IN 1.85-IN. CYCLONES 


Vapor Liquid Entrain- P 
velocity, velocity, ment, Entrainment 
lb per lb per lb per function 
Experi- min per min per min per 708) 
ment sq ft sq ft sq ft = 
no. Va L Ly [2 (7) x 10° | Cyclone 
L-1 1320 8500 102 6.39 Webre, 
L-2 1510 2040 102 7.75 0.25-in. 
L-3 740 3160 0.17 4.00 inlet 
N-1 2030 1950 295 8.50 Standard, 
N-2 380 1340 460 7.57 0.25-in. 
N-3 940 1490 325 8.11 inlet 
Webre, 
M-1 1120 1840 0.74 5.43 0.25-in. 
inlet 
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(Data from Table 4.) 


Tue CYCLONE AS THE SOURCE OF ENTRAINMENT 


The entrainment relation expressed by Equation [2] has sur- 
vived experiments involving wide variations in V and L and also 
some design variations. If then this function holds so generally, 
it would seem likely that it would be due to actions within the 
cyclone rather than to the states and rates of the vapor-liquid 
-etream. 

To investigate this consideration, a tap was machined, Fig. 
4 (c), into the side wall of the 1.85-in. Webre cyclone, whereby 
small stream of potassium-chloride solution could be pumped 
into the cyclone. By feeding tap water into the two 48-in. 
vaporizing tubes, all liquid entering the cyclone from the vapor- 
izer was, within the limits of the authors’ precision, free of chlor- 
ide ion. Consequently, entrainment due to droplets of liquid 
formed outside the cyclone and contained in the inlet stream 
would not be detected by analyses of samples of the effluent 
vapor. On the other hand, liquid on the wall of the cyclone, 
being mixed with the potassium-chloride solution pumped in at 
the wall tap, would, if entrained, be measured by a corresponding 
amount of chloride ion in the effluent vapor (V + J»). 

The results of these experiments, series I, are listed in Table 5. 
In Fig. 14 the entrainment relation is compared with that for 
series A and H. It will be seen that curve I is somewhat dis- 
placed. This and the points off the curve were judged to be due 
to the incomplete mixing of the water on the wall with the po- 
tassium-chloride solution fed. 

A confirmatory series of experiments was therefore made, 
using the same apparatus except that the 0.50-in. inlet was re- 
placed by a 0.25-in. inlet. This smaller inlet resulted in higher 
inlet velocities and, therefore, better mixing of the wall liquids. 
The results of series L, already listed in Table 4, were found, as 
noted, to be similar to those of series A and H, potassium chloride 
being fed through the heater tubes. In another experiment M-1, 
the procedure of feeding potassium-chloride solution through 
the cyclone-wall tap was followed. Fig. 15 shows how this result 
-conforms to those of series L. It would appear that the entrain- 


TABLE 5 ENTRAINMENT FROM LIQUID ON CYCLONE WALL 


Vapor Liquid Entrain- Entrainment 
velocity, velocity, ment, function 
Experi- lb per are Ib per fain lb per min vu 
ment per sq ft per sq ft per sq ft We 
no. Vv 4 Ls Ls (¢) x 10° | 
I-1 720 250 5.7 7.69 
[-2 740 250 PAS 7.38 
I-3 720 250 2.1 7.24 
1-4 710 250 2.4 7.20 
I-5 550 1460 14.5 6.32 
1-6 570 1410 17.8 6.47 
1-7 560 1390 31.5 6.71 
1-8 360 2970 56.5 5.91 
I-9 270 3900 0.29 3.13 
(0) 200 400 600 800 1000 
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ment is due to actions within the cyclone in addition to the 
properties of V and L. 


Tue WaLL Creep or Liquip as A Source oF ENTRAINMENT 


In all the cyclones which were tested by the authors, the en- 
trainment is an increasing function of the vapor velocity. This 
function persists even when the entrainment due to droplets of L 
is discounted, as in series I and M, or when the proportion of Zin 
droplet form is increased as in series D to G. 

If the entrainment is to be attributed to some action occurring 
within the cyclone, then some explanation or description of the 
mechanism for this action is needed. Most of the liquid entering 
flows onto the wall of the cyclone, forming a turbulent, continuous 
layer which can be seen to move in the direction of the vapor with 
which it is in contact. It is obvious that the vapor entering a 
cyclone pursues a spiral or vortical path to a central outlet. 
Using standard cyclones Shepherd and Lapple (54) and others 
have shown that the flow consists of an outer downward vortex 
and an inner upward vortex. Secondary actions have also been 
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reported, notably by Van Tongeren (65) and Wellman (73). 
The former states, without giving data, the existence of a so-called 
double eddy current of gas which serves to transport dust inward 
at the extremities of a cyclone. Shepherd and Lapple were un- 
able to detect the presence of such a current, nor did observations 
made during the authors’ experiments suggest the action of such 
a current. 

Perhaps a simpler explanation for entrainment actions within a 
cyclone is conceivable, at least in the separation of liquid from 
vapor. If, as most writers indicate, and as has been observed 
invariably in these experiments, the vapor entering a cyclone 
pursues some form of spiral or vortex, then the vapor velocity 
must at all places have a component radially inward. Liquid 
on the walls must then be induced to creep along surfaces toward 
the center exit. 


TABLE 6 ENTRAINMENT CORRELATIONS IN A 6-IN. SPIRAL 
CYCLONE 


Vapor Liquid F 
Experi- velocity, velocity, Entrainment, o 
ment lb per min lb per min lb per min Entrainment 
no. per sq ft per sq ft per sq ft relation 
(series O) V L Ly log [Lv 103] 
1 640 310 68 4.83 
2 290 530 105 5.02 
3 121 690 0.76 2.88 
4 97 650 0.26 2.41 
5 153 1320 0.65 2.81 
6 360 980 97 4.99 
7 640 600 66 4.82 
8 650 450 63 4.80 
9 610 1280 71 4.85 
10 600 1510 71 4.85 
11 580 1550 73 4.86 
12 510 1300 81 4.91 
13 490 1270 81 4.91 
14 490 1300 83 4.92 
15 370 1390 105 5.02 
16 360 1340 107 5.03 
17 360 1380 111 5.05 
18 121 1640 8.6 3.93 
19 108 1700 10.3 4.02 
20 162 1410 0.61 2.79 
21 270 1130 123 5.09 
22 230 1160 134 5.13 
23 210 1360 129 ite | 
24 210 1330 131 5.12 
25 137 1280 0.5 2.68 
26 162 1230 0.075 1.87 
27 157 1250 0.81 2.91 
28 111 1280 6.3 3.80 
29 118 1250 7.3 3.86 
30 400 3080 123 5.09 
31 360 3400 131 §.12 
32 190 2970 23.8 4.38 
33 200 2970 27.5 4.44 
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Fie. 16 ENTRAINMENT RELATION IN 6-IN. SprraAL CyrcLonpe 
(Data from Table 6.) 


To enable better visual observations, in addition to the collec- 
tion of data, a spiral cyclone 6 in. diam was made, fitted with a 
Pyrex plate-glass top, assembled as illustrated in Fig. 5. This 
cyclone was operated with the same vaporizing tubes and other 
equipment shown in Fig. 7, as was used in series H. In addition 


TRANSACTIONS OF THE A‘S.M.E. 


JANUARY, 1942 


to the usual measurements for determining L,, V, and L, the 
plate-glass top afforded visual evidence of the entrainment action. 

The results of 33 experiments are summarized in Table 6. The 
correlation previously noted, Equation [2], did not hold for this 
cyclone. The data collected in this series of experiments would 
make it appear that there is a critical velocity below which L, 
increases rapidly with V, and above which Z, decreases slowly 
with V. Variations in L do not appear to influence the entrain- 
ment. The functions appear to be of the form 


Tho pl sO pe CiV, cra nais s cnrtases capes {4] 


These relations are illustrated in Fig. 16. Surprisingly definite 
patterns of liquid flow were visible on the glass plate when the 
cyclone was in operation. At vapor velocities below the critical 
of 200 lb per min per sq ft of inlet section the pattern was un- 
stable. Liquid would tend to remain near the wall of the cyclone. 
Some of the liquid on the glass plate would tend to move along 
the glass plate to the center, but reactions would develop periodi- 
cally whereby centrifugal forces would sling the liquid back in 
waves. As the vapor velocity was increased toward the critical, 
liquid began to move toward the center with greater velocity and 
the beginnings of the much more stable high-velocity pattern 
could be discerned. 

At vapor velocities above the critical, a definite geometric 
pattern was invariably established. The principal features of 
this pattern are easy to discern. Most prominent is the smooth, 
spiral streaming of liquid from the wall of the cyclone to the 
center. By focusing a camera on the interior surface of the glass 
cyclone cover plate, it was possible to high-light some of the 
streaming liquid and to photograph the spiral flow. Such a 
photograph, reproduced in Fig. 17, was taken with the cyclone 
operating at an inlet-vapor velocity of 780 lb per min per sq ft. 
Term L was nearly zero in order to reduce the liquid flow to a few 
well-defined streams. Two of the curves from opposite sides of 
the center of the cyclone were calipered from the photograph 
and the data, corrected for the photographic reduction, caliper 
1.29 = actual size, is given in Table 7. It is of interest to note 
that these curves are logarithmic spirals 


PS 2I0" nye ce WR eee [5] 
where 
r = radius vector, in. X 100 
6 = vector angle, in radians 


Fig. 18 shows the small deviation between the measured points 
and the logarithmic spiral of Equation [5]. 

A second feature of the liquid flow pattern is the presence of 
an inner spinning ring of liquid. The diameter and thickness of 
this ring vary inversely with the vapor velocity. This ring be- 
comes unstable when, at low values of V, the diameter of the ring 
exceeds the inside diameter of the vapor outlet pipe, 1.06 in. As 
V increases, the ring becomes thinner and decreases in diameter 
until, at the highest values reached, about V = 800 lb per min 
per sq ft, the ring reduces to about 0.1 in. diam. At intermediate 
velocities, when the ring is about 0.5 in. diam, an inner spiral of 
liquid flowing outward from the center point of the plate and 
to the inner ring is clearly visible. This inner spiral of liquid ro- 
tates in a direction opposite to the large spiral and appears to 
sling back onto the inner ring any liquid which gets any nearer 
to the center point of the cyclone than the inner ring. 

It appears, therefore, that the spinning ring marks the equilib- 
rium of forces along the glass plate between the drag of the radial 
component of the vapor velocity and the centrifugal force of the 
liquid spinning at the center. Liquid can be seen to drop into the 
vapor outlet pipe from the spinning ring and also from the center 
of the inner spiral of liquid. These observations are illustrated 


—— 
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TABLE 7 SPIRAL-FLOW DATA CORRECTED FOR 
PHOTOGRAPHIC REDUCTION OF FIG, 17 


Curve A Curve B 


Degrees from _ Radius, Degrees from Radius, 
reference axis in. X 100 reference axis in. X 100 
0 270 240 135 
30 185 270 75 
60 120 300 40 
90 64 330 29 
120 33 360 22 
150 22 wets 
180 14 


Fie. 17 Wau Cremp in Sprrat Cycitone 


Fig. 18 Caniprerep Points FALLInG oN Curve r = 2.799, Muas- 


URED From PHOTOGRAPH OF 6-IN. SPIRAL CYCLONE 


in Fig. 19, showing plan and diametral section views of the 
cyclone. It is not difficult to observe an analogous wall creep in 
the case of the 1.85-in. Webre cyclone used in previous experi- 
ments. While the shape of this cyclone does not lend itself to 
photography or measurement, a sketch, Fig. 20, shows in sec- 
tion the typical liquid distribution. It will be seen that, in so 
far as the curved shell permits, the pattern of liquid distribution 
conforms to that for the spiral cyclone. 


DIscussION OF EXPERIMENTAL RESULTS 


The logarithmic spiral of Equation [5] describes the path of 
the liquid which is being entrained. Term 4, the angular velocity, 


must be a function of the inlet-vapor velocity. Radius vector 
r, must be a function of the radial velocity of the vapor as well as 
of the liquid being entrained. 

The similarity of the two generalized functions of Equations 
({4] and [5] 


and 


suggests an analogy between the results of the experiments of 
series I, L, and M and the present observations. The parallelism 
suggests that the radial component of the vapor velocity is the 
force which induces this wall creep. 


Fic. 20 Wau Creep In 1.85-INn. 
WeEBRE CYCLONE 


Fie. 19 Wau Creep In 6-INn. 
SprraL Cyclone 


The significance of the factor (V/Z)? in the more complicated 
entrainment function of Equations [1] and [2] is not clear. 
However, it may be noted that Equation [1] rewritten as 


Bg aK LAV) eee Bee eae cess ae [3] 


suggests that the factor (L/V)*? may be associated with the energy 
required to lift liquid from the inlet level to the level where it 
may creep inward. Such a factor would not occur in the 6-in. 
spiral cyclone where no lift is required. In confirmation of this, 
it may be noted that the entrainment L, is much greater for the 
spiral cyclone than for the Webre cyclone. 

If such a lift is the explanation for the presence of this factor 
in Equation [1], then it would follow that the V in this factor is 
not the inlet velocity but rather the vertical component of the 
internal velocity. This could be investigated further by testing 
similar cyclones of varying dimensions. The results so far sug- 
gest the generalized form 


Log E (*) | = Dit CV sare. cieeudtines sete [9] 


where a = (in the case of the spiral cyclone and a = 2 in the cases 
of the other cyclones tested. 


CoNCLUSIONS 


1 The entrainment, or liquid remaining in the cleaned vapor 
of cyclones, separating liquid from vapor, is a function of the 
liquid- and vapor-inlet weight velocities. 
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2 On the basis of this investigation, it appears that the en- 
trainment is related to the liquid and vapor weight velocities by 


the function 
V a 
toe | 2, (4) | =b+cV 


where I is the entrainment, V is the vapor velocity, and L is the 
liquid velocity, all in the units of pounds per minute per square 
foot of inlet-duct cross section. Terms a, b, and c are constants 
associated with the type of cyclone and the condition of the 
liquid in the vapor-liquid stream. 

3 Under all the operating conditions encountered in the cy- 
clones tested, the constant a is zero in the case of a spiral cyclone 
and equals 2 in the case of a Webre cyclone. 

4 The constants 6 and ¢ are affected by variations in droplet 
size and also by the type of cyclone used. 

5 In these experiments, at velocities below 1500 Ib per min 
per sq ft, the entrainment with a Webre cyclone was lower than 
that with a similar standard cyclone. 

6 From these experiments, a spiral cyclone appears to be less 
effective than a Webre cyclone. 

7 The creep of liquid along the surfaces of a cyclone, leadtng 
to the central vapor-exit tube, was found to be a significant factor 
in the entrainment encountered in the cyclones used in this in- 
vestigation. 

8 In the case of a spiral cyclone, the path of liquid moving 
toward the central vapor-exit tube appears to be a logarithmic 
spiral. 

9 The creep of liquid is induced by the inward radial com- 
ponent of the vapor velocity. 
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Discussion 


H.C. Moors, Jr.‘ In discussing the flow pattern in a cyclone, 
the authors state that they were unable to find the evidence 
of a secondary component of flow. They cite Shepherd and 
Lapple (54) as also being unable to detect the presence of the 
double-eddy current. It would be interesting to know what 
means were used to investigate whether or not this phenomenon 
was evident. Obviously, a visual observation alone is not 
always sufficient. The secondary component of velocity is 
usually of such magnitude that it affects only the finer particles 
of dust and/or liquid. These particles are of a size individually 
invisible to the naked eye and, when dispersed throughout a 
gas, just give a homogeneous appearance of darker color. With 
the velocities encountered in cyclones, it is quite impossible to 
determine flow direction, unless the individual particles are 
visible. The solution would be to use an extremely light dust 
wherein particles of corresponding terminal velocities have a 
larger dimensional size. 

The existence of the double-eddy current in a fluid caused to 
flow in a curved path was observed by such early investigators 
as Boussinesq® and Reynolds® in the study of the flow of water. 
Lorenz? shows by mathematical analysis that, for a circular 
fluid flow, there is a difference in pressure between fluid stream- 
lines at different radii. This pressure difference, together with 
the static-pressure gradient built up in the fluid due to the 
slower moving strata in the region of the enveloping walls, causes 
a displacement of streamlines into a pattern of two similar spiral 
flows known as the double-eddy current. It has been demon- 
strated that this double-eddy current is present in the flow of 
gases as well as liquids.® 

In the design of cyclones, therefore, either of two alternatives 
is possible, i.e., the cyclone may be designed to prevent the 
formation of the double-eddy flow, or the inherent formation of 
the double eddy may be utilized to enhance the efficiency of 
collection. In the former case, the prevention of the natural 
formation is translated into increased turbulence, with a result- 
ant impairment of efficiency and increase in pressure loss. The 
latter method is the more logical. In allowing the double eddy 
to take its natural form, the turbulence is thus reduced to a 
minimum, resulting in a minimum re-entrainment. However, 
if the double eddy is allowed to form, it is necessary to make 
some provision in the design to remove the dust which will con- 
centrate at the top of the cyclone, and which, in-coming down, 
passes in close proximity to the gas-outlet pipe. This is ac- 
complished in the van Tongeren design by means of a shave-off 
slot at the top, which draws off this upwardly moving dust and 
passes it through an exterior duct for reintroduction into the 
cyclone proper at a point where the influence of the lower eddy 
is definitely downward. 

In considering cyclones for separation of liquids, the effect 
of turbulence is probably not as great as in the separation of dust. 
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Once the droplets reach the enveloping surface and become part 
of the film thereon, there is slight possibility of re-entrainment 
with proper design. However, in dust separation, a particle 
which has reached the wall of the cyclone is always subject to 
the possibility of re-entrainment due to turbulent flow. 


A. L. Wexzre.? The results of this research are particularly 
interesting to the writer, inasmuch as he has used the so-called 
Webre cyclone for about 30 years in connection with the pre- 
vention of entrainment losses in pans and evaporators in the 
sugar industry, as well as in others—always with success. 

In all of our standardizations, we have always used the vapor 
velocities in feet per second, instead of pounds per minute per 
square foot, used in the paper. Presumably, the experiments 
were conducted at atmospheric pressure. It is, therefore, per- 
tinent to consider what would happen to the cyclone if the same 
weight of vapor were passed through at the higher lineal ve- 
locities encountered at high vacua. In line with this thought, 
whereas we have never recorded any research work done on the 
cyclones, yet we have had to standardize on certain proportions, 
and these standards have always been based on the actual linear 
velocities at the vapor inlet. 

Thus we have found that we must not exceed certain limits. 
At 4 in. abs, we use 250 fps; if we exceed 275 fps, we begin to 
have entrainment losses. At lower vacua, and at atmospheric 
pressure, we reduce the velocity gradually, standardizing on 100 
fps at atmospheric pressure. 

If the velocity is too slow, then the apparatus begins to lose 
efficiency. In the case of black-liquor evaporators, where there 
is a great deal of foam, the whirling action of the cyclone is used 
to break up the foam. ‘To accomplish this, the velocity must be 
in the neighborhood of 100 fps. It has very often been necessary 
for us to insert reducers at the cyclone inlet to accomplish this, 
without which, the foam would not be broken up. 

In all cyclones, there is a loss of head between the inlet and the 
outlet due to the centrifugal force of the vapor itself, and this 
can be observed by placing manometers at the proper points. 
Under extreme velocity conditions, we have observed as much as 
3 in. of mercury difference between the outer periphery of the 
cyclone and the center of the cover. It was mostly on this ac- 
count that we have now abandoned the use of cyclones in favor 
of a different design which has no loss of pressure and performs 
with equal efficiency. 

Particularly in the sugar industry, we have a very satisfactory 
means of determining the losses by entrainment, for all vapors 
are condensed. By using the alpha-naphthol test, we can deter- 
mine as small an amount as 1 part of sucrose in 5,000,000 parts of 
water. With a well-operated sugar factory, the entrainment loss 
is less than the figure cited. 

It might be stated further that the amount of liquid usually 
present in the vapor leaving an evaporator, and entering the 
cyclone, is relatively small. In the ordinary sugar evaporator, 
it would certainly be less than 2 per cent. In certain types of 
black-liquor evaporators, it is assuredly many times more than 
this figure, and a guess would be from 10 to 12 per cent by weight. 
The percentage by volume is naturally very small. 

We should like to thank the authors for their illuminating 


. work, and hope that they may be able to supplement this along 


the lines suggested, namely, under high vacuum and with 
smaller ratios between liquor and vapor. 


9 Mechanical Engineer, Merion, Pa. Mem. A.8.M.E. 
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Analyzing Governor-System Performance 


By A. F. SCHWENDNER,! PHILADELPHIA, PA. 


All the characteristics of a turbine governor considered 
as an entity have their effect on the operating performance, 
expressed in terms of speed-regulation sensitivity, rate 
of response, and stability. The governor can only be 
judged adequately by observing its operation in conjunc- 
tion with the system with which it is associated, which 
can only be done by employing instruments more sensitive 
and rapid in response than the governor itself. This 
paper describes the essential features of an instrument, 
developed specifically for this purpose, the methods of 
testing employed, and actual tests made with it. 


HE turbine-generator-governing problem has attracted 

considerable attention in the last few years. Papers have 

been presented describing the effects of governor character- 
istics on the unit, station, tie line, and system. The desirable 
characteristics of governors have been pointed out, and the 
qualities of stability, sensitivity, and rate of response have been 
discussed. 

Turbine users are mainly interested in the effect of governor 
performance on their systems. In other words, they are con- 
cerned with the operating-performance characteristics of their 
governors, for example, the unit-load changes corresponding to 
certain system-frequency changes as dependent upon unit loading. 
All the characteristics associated with a governor considered as 
an entity have their effect on the operating performance, i.e., 
speed-regulation (over-all and incremental) sensitivity, rate of 
response, and stability. In addition, the characteristics of asso- 
ciated units and the system-load conditions also affect operating 
performance. A governor cannot be adequately judged by 
observing only its behavior as an isolated mechanism or even by 
comparing the steam charts of different units. It must be care- 
fully studied in conjunction with the system with which it is 
associated. Such study must be implemented with instruments 
more sensitive and rapid in response than the governor itself. 
An ideal set of such instruments would comprise a governor-per- 
formance analyzer capable of testing all the pound governor 
characteristics in a short series of tests. 


GOVERNING-SYSTEM PERFORMANCE CHARACTERISTICS 


To discuss this subject intelligently there must be a well- 
defined nomenclature. The A.S.M.E. Power Test Code on 
speed-responsive governors does not cover all the terms and 
definitions used in recent years. The reorganized committee 
has not yet issued a new nomenclature. In the meantime 
something has to be used, but the terminology which has been 
adopted in this paper is not intended to establish new terms 
and definitions. 

The operator judges the governor on the basis of its behavior 
when the unit is on the generating system. This behavior re- 
veals what, for want of a better name, may be called the operat- 
ing-performance characteristics of the governor. These are 
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nothing more than the changes in load of the unit, corresponding 
to various classes of system-frequency change. The small fre- 
quency changes occurring in all systems, amounting to from 0.1 
to 0.2 cycle, actuate the governing valves and change load to 
an extent depending upon the incremental speed regulation 
and sensitivity of the governor, for frequency changes slow in 
comparison to the rate of response of the governor. The operat- 
ing performance approaches the incremental speed regulation as 
the sensitivity is increased. 

A less sensitive governor or one with a rate of response slow, 
compared to the system frequency fluctuations or both will 
show a lower governor operating performance (effectively higher 
regulation) than the incremental speed regulation. Thus the 
operating performance of a governor can be measured by its 
deviation from the incremental speed regulation if the rough- 
ness or rate and magnitude of the frequency changes are also 
considered. The final decision on definition of and numerical 
expression of this deviation must be left to the joint A.S.M.E.- 
A.I.E.E. committee. The governor operating performance is so 
much dependent upon the individual governor-performance char- 
acteristics that all of them must be checked to enable us to 
analyze the former. Thus the following must be considered: 
Speed-regulation (over-all and incremental) sensitivity, rate of 
response, and stability. 

Governor-Speed Regulation (Over-All). This is the sustained 
percentage of speed change of a prime mover for rated load 
change. Owing to the peculiarities of governors, this is not 
necessarily a unique value for a particular governor. The regu- 
lation for a no-load setting of the load-changing device may vary 
appreciably from the regulation for the full-load setting. Curves 
defining these variations are necessary to express fully the over-all 
speed regulation. 

Governor-Speed Regulation (Incremental). This is the slope of the 
speed-load curve passing through 100 per cent speed at the load 
point in question, stated in percentage of rated load percentage of 
rated speed. If the governing valves had a linear steam-flow 
valve-lift characteristic and the turbine water rate were constant, 
the incremental and over-all regulations would be identical. 
The requirements for low valve pressure drops to obtain high ef- 
ficiencies result in greater nonlinear flow-lift relationships. 

Sensitivity. This is the speed change necessary to start move- 
ment of the governor and governing valves. It can be ex- 
pressed in percentage of rated speed. It is important to be able 
to check the individual sensitivities of each of the elements of the 
governing system from the governor to the operating servomotor 
so that the source of insensitivity may be located. 

Rate of Response. Perfect governing performance would be the 
exact following of speed by the governing valves. The govern- 
ing valves actually lag behind their true speed position by an 
amount depending upon the shaft acceleration and the rate of 
governor response. The latter might, then, be measured in terms 
of the time required to initiate a corrective motion of the valves 
when the prime mover is accelerated at some constant and stand- 
ard rate. Such an acceleration might be obtained by dumping 
an appropriate load. The effectiveness of a governor as applied 
to a particular unit is dependent not only upon its rate of re- 
sponse but also upon the inertia, rating, and speed regulation of 
the unit. This over-all effectiveness might be measured in 
terms of the time required to initiate corrective valve motion 
following the dumping of a definite fraction of the rated load. 
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It may be noted that broad transient regulation, introduced in 
some governors to obtain stability, will have a decided effect on 
the rate of response. 

Stability. A stable governor is one which tends to damp 
rather than excite load or frequency oscillations. Small oscilla- 
tions which may be revealed by a fast and sensitive recorder are 
not necessarily indications of fundamental instability. 

Foregoing are the governor characteristics which should be 
measured to obtain a better conception of governor performance. 


SPECIFICATIONS FOR A GOVERNOR-TESTING INSTRUMENT 


One of the first characteristics which should be demanded of a 
testing instrument is great flexibility. The many types of gover- 
nor require an instrument readily adapted to the measurements 
of their various characteristics. This adaptability should be ob- 
tained without major alterations of the parts of the instrument. 
By using unit sections for the measurement of the different gover- 
nor functions, the different elements can be interchanged quickly. 
It is also important to have a record of all the elements on a single 
chart. It is essential to be able to measure the following quan- 
tities: (a) Angular velocity of the turbine rotor; (6) travel of the 
governor and servomotors; (c) hydraulic pressures corresponding 
to motions in flyball governors; and (d) electrical output of the 
generator. A governor-testing equipment should be suitable 
not only for an initial determination of the governor-performance 
characteristics, but also for periodic checks to determine when the 
slow depreciation in performance justifies taking the governor 
out of service for repairs. 

Equipment which may be used frequently should be designed 
with light compact units arranged so that the complete setup 
would require only a few hours. In a large power plant it should 
be possible either to move the instrument as a unit from turbine 
to turbine or to locate it centrally and provide for cable connec- 
tions to the measuring elements which may be located on the 
various machines. The elaborate precautions necessary in 
transmitting and magnifying motions mechanically with levers 
and wires, and the difficulties in moving such an arrangement 
from unit to unit, suggest the advantage of transforming the 
motions into proportionate electrical quantities directly at the 
source. 

Similarly, pressures are conveniently converted to electrical 


units and transmitted by electrical cables which are easily han-~ 


dled and laid. The pressure and travel elements should be so 
designed that after the type of elements has been selected as 
dictated by the governor to be tested, all the tests can be com- 
pleted without changing the elements. Each element should 
have sufficient range so that the changes in characteristics, re- 
quired for the different tests, can be obtained with easy and rapid 
adjustment. If the adjustments are obtained in definite steps, 
recalibration after a change may be omitted. The individual 
measuring elements should indicate the smallest significant 
change of the measured quantity without overtravel or time lag, 
regardless of the instrument magnification ratio. Analysis of 
records is considerably facilitated if the orders of magnitude of 
the deviations of the measured quantities as recorded are roughly 
equal, whatever their actual values. 

The recording instrument can be a standard oscillograph. 
Direct recording with pen or stylus on a paper chart would be 
preferable if a multielement recorder with sufficiently high fre- 
quency response were available. Development of such an in- 
strument has been interrupted by more pressing work. For a 
typical governor test, one frequency element, three travel, a 
load, and a timing element for a mechanical governor, or one 
frequency, two pressure, one travel, a load, and a timing element 
for an oil governor are required asa minimum. To analyze prac- 
tically any governing system, one frequency element, three 
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pressure, three travel, several load elements, and a time element 
would cover all requirements. A long-film seven-element oscillo- 
graph would be adequate for most purposes. A range of film 
speeds from 1/s to 1/2 in. per sec to 3 in. per sec and an easily ad- 
justable light intensity are desirable. 


Sprep-MEASURING ELEMENT 


The individual measuring elements should have the following 
characteristics: 

The speed-measuring element should be arranged for attach- 
ment to the shaft end wherever possible. In many cases, the 
shaft ends are not available for this purpose. For this reason a 
synchronous motor, connected to the unit through the instrument 
transformers, can drive the speed-measuring element at an angu- 
lar velocity reasonably close to that of the turbine. Error due to 
variations in phase angle of the terminal voltages and to elec- 
trical flexibility between generator and motor will limit this 
method to those cases in which such error is permissible. 

Two full-scale speed ranges are required: A wide range from 
approximately 50 to 70 cycles per sec and a sensitive scale with 
full-scale deflection for about 0.25 cycle from a base frequency 
which may be set anywhere from 59 to 61 cycles. The full-scale 
deflection should be sufficient to show definitely a speed change of 
0.01 per cent or less on the sensitive scale. 


Morron-MEasuriInG ELEMENT 


To follow and record the motion of any part of the governing 
system the measuring element should have a substantially flat 
frequency response to about 60 cycles per sec. In order to obtain 
the required response, it is desirable to have a short, stiff con- 
necting wire between the moving part and measuring element. 
Converting the motion into proportional electrical current per- 
mits mounting the element very close to the moving part. The 
element should be capable of a wide range of ratio adjustment to 
be able to record the different motions in a governing system. 
Besides the wide-range ratio required to give full-scale deflection 
for the total stroke of a movement, a sensitive range is also 
needed to give full-scale deflection to a motion corresponding to a 
change in frequency of 0.25 cycle. The changeover from one 
ratio to the other should not require more than a few minutes 
and the element should be so constructed that it can be attached 
to any part of a governing system without trouble. Some pro- 
tection should be provided to allow sudden overtravels of the 
moving part, while the element is set to the sensitive range with- 
out damaging the element. 


PRESSURE-MEASURING ELEMENT 


The oil pressures to be recorded for the purpose of analyzing 
governor performance vary about as much as the motion of 
the governing system. The pressure changes and ranges re- 
quire a wide ratio of adjustment. Most of the pressures also 
require two complete ranges, a wide range which will record the 
deflection corresponding to the maximum pressure change, and a 
sensitive scale which will give full-scale deflection to an oil- 
pressure change corresponding to a change in frequency of 0.25 
cycle. It is possible to develop an adjustable-ratio pressure- 
measuring element, or two elements may be used, having the 
proper ratios to permit analysis of the governing-system per- 
formance, using the same gage line with suitable cutover valves. 
In any case, the arrangement should be such as to permit change- 
over from one ratio recording to the other without appreciable 
loss of time. Wide variation in base pressures is also required. 


Loap-MEasurING ELEMENT 


The polyphase average-watt oscillograph galvanometer which 
is available for use in standard oscillographs measures true watts 
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in three-phase circuits. Such a galvanometer may advantage- 
ously be employed as the load-measuring element. The ac- 
curacy and response of this element must be matched reasonably 
closely to those of the other measuring elements. It is quite a 
task to draw up specifications for a universal governor-perform- 
ance testing equipment. ‘The specifications outlined cover the 
elements required to evaluate the governor-operating perform- 
ance characteristics and to make all the other tests required to 
establish those characteristics. The elements described can be 
used to investigate and analyze governing and generating system 
performance, or tie-line characteristics, by using the proper com- 
bination of these elements. It is advisable to have all the 
elements so made as to be able to record both direct and alter- 
nating components with frequency-response characteristics sub- 
stantially flat from zero to 50 or 60 cycles per sec (if feasible). 


TESTING A GOVERNING SYSTEM 


Given an instrument which can readily be adapted to any 
unit for a quick determination of governor characteristics, we 
must also have a test program which will enable us to obtain 
all the necessary information with the least possible outage or 
system disturbance. The test method to be outlined is simple 
to follow and adequate to provide all necessary information to 
make possible an analysis of governing-system performance: 


1 With the unit on the line and carrying maximum load, 
measure the speed-changer and governing-valve positions. 
Then reduce the load in small increments, preferably with a load- 
limiting device. Hold every load position long enough to run a 
short record on the oscillograph or to read the deflections directly. 
The steam conditions must, of course, be nearly identical for all 
of these readings. When rated load is reached, record also the 
speed-changer and governing-valve positions necessary to sustain 
this load at rated speed. Remove the remainder of the load in 
the same manner. 

2 Take the generator off the line and, with the recorder run- 
ning, move the speed changer from the no-load to rated- and 
maximum-load positions. Then return it to the no-load, full- 
speed position. Partly close the throttle valve and so drop 
speed until the governing valves open to the rated-load position, 
and then to the maximum-load position. Reopen the throttle 
valve and bring the turbine speed back to normal. While the 
speed changer is being moved, the steam pressure and vacuum 
should be kept constant within reasonable limits. 


Fie. 2 


3 Synchronize and put the generator back on the line with the 
recorder running. 

4 While the load on the unit is being brought up to its pre- 
vious value, run the recorder for a short time at all settled load 
points, preferably identical with load points of the first test. 


The first test requires only the load and governing-valve-travel 
measuring elements of the analyzing instrument. Both are set 
to the wide range and the recorder is run at a slow speed. The 
second test requires the speed and governing-valve-travel 
measuring elements. The governor-travel or governor-oil- 
pressure measuring element can be added to the others. All the 
elements are to be set to the wide recording range with the 
recorder set to run at a slow speed. 

The third test requires the speed, governor-travel or pressure, 
and governing-valve-travel measuring elements. The load ele- 
ment can be added for a better over-all picture. All the ele- 
ments are to be set to the sensitive recording range. The re- 
corder should be set to run at high speed. 

The fourth test requires all the governor-travel- or pressure- 
measuring elements with the speed-and-load element included. 
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All the elements are to be set to the sensitive recording range. 
The recorder should be set to run at slow speed. 

Having the specification for the instrument and also having 
determined the program for a governor test, we now need the 
instrument itself and some test results to prove that the type of 
instrument and the method of test will provide all the required in- 
formation about governor performance. 

Some time ago J. E. Allen (1)? built an instrument which very 
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nearly fulfills our requirements. The East Pittsburgh research 
laboratories have since built a governor-analyzing instrument 
which satisfies the specifications laid down. It will not be neces- 
sary to enter into a detailed description of this instrument, as it 
will be covered in a paper by W. O. Osbon (2). 


ANALYZING Trst RESULTS 


We set out to check what the governing system ofa specific 
unit will do when connected to a power-generating system. 
The results obtained should be prepared in such form that the 
operators will know the incremental regulation at each load point, 
for each unit in their system. For good system regulation it is 
important to know at any time at what regulation each compo- 
nent of the total system capacity is being generated. For that 
purpose a curve showing the load points of the unit plotted 
against the regulation at each load point will be the most useful. 
Fig. 1 shows a typical steam-flow incremental regulation curve. 
When the test results obtained with the analyzing instrument are 
worked up, we shall obtain a similar curve except that it will 
show load incremental regulation. It will, of course, also differ 
by the amount of the deviations due to change in water rate. 
The information obtained by the test can be used to plot the 
incremental regulation curve. Two methods are available 
and they can be used to cross check the results obtained. 

The records of a test run taken under the conditions described 
in test paragraph 1 are shown in Fig. 2. The load and valve or 
governor travel obtained in this manner can then be plotted in 
curve form, as shown in Fig. 3. The curve shows steam flow, 
while the test will give load and the corresponding valve or 
governor position. 

The curve shown in Fig. 3 can be transformed into the shape 
shown in Fig. 1 if the over-all speed regulation at the particular 
load point is known. The over-all speed regulation was checked 
during the second test. 
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The test results are best plotted in a curve of the shape shown 
in Fig. 4. The speed-changer travel is plotted against the per- 
centage of normal speed. The speed increase, recorded while the 
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speed changer was moved from the no-load to the maximum- 
load position, should be marked on the chart and thus will be- 
come the no-load line. 

The drop in speed which occurred when throttling until the 
maximum-load governing-valve positions were reached should 
be plotted on the horizontal zero line of the “effective speed- 
changer-travel” axis. Connecting this point with the 100 per 
cent speed-travel point gives us the full-load line and completes 
the chart. Fig. 4 shows almost parallel no-load full-load lines. 
Most of the travel governors have considerable variation between 
the two points. The actual over-all regulation for any load 
point should be taken from the horizontal line between the no- 
load full-load lines at the point where the particular load line 
crosses the 100 per cent normal speed line. 

The second method of obtaining governor-operating char- 
acteristics is by analysis of the records obtained by the test 
outlined in test paragraph 4. Two records obtained at two load 
points are shown in Fig. 5. Even a casual observation of the 
two records shows that, while the frequency changes have been 
followed by the governing system, the load change has not fol- 
lowed them. The maximum frequency change of 0.07 cycle is 
followed by a valve travel of 0.11 in. and a load change of 1500 kw 
in the top record. The lower record shows a maximum frequency 
change of 0.05 cycle with a valve travel of 0.08 in. and practically 
no change in load. 

If the changes in frequency are plotted against changes in load 
and a line drawn through to average all the points, the slope 
of the line will give us the incremental regulation for that par- 
ticular load point. A considerable number of additional cases 
will have to be analyzed before it will be possible to evaluate the 
width of the band obtained. 

J. E. Allen has developed a governor-analyzing instrument 
which records the frequency on one axis and the valve move- 
ment on the other axis simultaneously. This type of record 
would eliminate the rather cumbersome plotting of points, but 
it neglects the effect of valve-flow characteristics. 

The stability of a governing system can be shown by means 
of the records obtained in the test indicated in test paragraph 3, 
as shown in Fig. 6. Frequency and governor pressure show no 
tendency toward oscillation up to the point of synchronization. 

When checking sensitivity down to very small values, it is 
difficult to obtain definite results. Any ripple in a recorded 
quantity, regardless of its cause, reduces the accuracy and defi- 


niteness of the result. The frequency and motion records, 
shown in Fig. 5, indicate a motion with a frequency change of 
from 0.01 to 0.02 cycle. 

To establish the rate of response of a governing system, it is 
necessary to arrange for a load-dump test. The instrument 
described is also suitable to obtain the type of records necessary 
to establish the rate of response in a load-dump test. 


CONCLUSION 


The test results so far obtained demonstrate that the instru- 
ment, built in accordance with the specifications given in this 
paper, is capable of analyzing the governor performance of al- 
most any type of governor. The instrument can be set up to test 
a governor in about 3 hours, and the test itself requires less than 
4hours. Most of the tests thus far made were taken only recently, 
and not all of the records have been evaluated. Where test 
values were not available, calculated values have been substi- 
tuted. 

The sensitivity and rate of response of the few governors tested, 
in comparison with the rate and magnitude of the frequency 
changes, did not give us a measurable deviation from the in- 
cremental speed regulation at the few check points made. Fur- 
ther tests are required on units which will show a measurable 
deviation between the incremental speed regulation and the 
operating performance of the governor. Only after the com- 
pletion of such a test can the method of testing and evaluating test 
results be established and completed information presented. 
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Silica Removal by an Improved 


Magnesia Process 


By Ho L TIGER;* NEW YORK, N.Y; 


Modern high-pressure boilers with high feedwater 
make-up requirements frequently demand reduction of 
dissolved silica. A new magnesia process for silica re- 
moval has been developed, combining flexibility, simplic- 
ity, and economy. It can be applied to any type of water 
at any temperature; it can be carried out in conjunction 
with the usual precipitation water-softening process; and 
the increase in operating cost is very small. 

These results are accomplished by a new method of 
combining a number of principles embodied in this 
process. Extensive investigations were conducted to 
determine the influence of each of various factors on the 
final result, and data are presented on the effects of the 
following: Form of magnesium used (whether precipi- 
tated ionic Mg or undissolved Mg compound), tempera- 
ture, sludge-magnesium concentration, and agitation for 
sludge-water contact. The principles of increasing the 
Mgt* content, when required, by means of a novel sludge 
recycling process with a magnesium dissolver are de- 
scribed. A method of using cheap dolomitic lime as a 
low-cost source of magnesium is also presented. 

The process lends itself advantageously to a modified 
Spaulding precipitator type of construction at either low 
or high temperature, to be followed by suitable treatment 
with carbonaceous-ion exchangers, when required, for 
complete removal of residual hardness and reduction of 
alkalinity to any predetermined figure. 


HE trend toward higher pressures and higher percentages 

of make-up in steam boilers and toward lower alkalinites 

in boiler feedwater has resulted in siliceous deposits in 
boilers and turbines in several cases. Boiler-tube failures, due to 
such deposits, are described in many papers (1, 2, 3, 4, 5, 6).? 
Troubles from these deposits in superheaters and turbines, as a 
result of carry-over of silica-containing salines with the steam, 
are described in other papers (7, 8, 9, 10, 11, 12, 18). This has 
caused a demand for an effective and economical method of re- 
ducing silica in boiler feedwater or otherwise preventing silica 
deposits. 

Dissolved silica is always present to some extent in all natural 
waters. Suspended silica is also present in surface waters con- 
taining turbidity. Such suspended silica or siliceous substances 
can be readily removed by the usual coagulation and filtration 
methods. It is the silica remaining in solution which offers the 
special problem with which we are concerned in this paper. 

The factors which influence the formation of silica deposits 
in boilers and the nature of the deposit which forms have not 


1 Vice-President in charge of Research and Development, The 
Permutit Company. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 

Contributed by the Joint Research Committee on Feedwater 
Studies und presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1940, of Tam American Society or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


49 


been thoroughly explored. It is known, however, that the pres- 
ence of calcium and magnesium in the feedwater tends to form 
calcium and magnesium silicates. The presence of aluminum 
tends to form alumino-silicates, of which analcite is a special 
form. Under certain conditions, pure silica alone may con- 
stitute the bulk of the deposit. 

The “silica tolerance,” i.e., the maximum allowable amount 
of silica that may be tolerated in the concentrated boiler saline, 
cannot be specified with accuracy at present, due to the lack of 
sufficient statistical information on that subject over a sufficiently 
broad range of boiler pressures, ratings, etc. This is a subject 
which deserves further investigation by our engineering socie- 
ties. If the feedwater contains little or no dissolved calcium, 
if the ratio of alkalinity to silica is sufficiently high, for example, 
more than 1:1, and if the boiler circulation is satisfactory, the 
silica content of the boiler salines may be as high as 350 ppm. 
Several cases are on record where such conditions prevail in high- 
pressure boilers without resultant difficulties. In some cases 
when silica-scale troubles started, they have been overcome by 
increasing slightly the ratio of alkalinity to silica in the boiler 
saline. In other instances, such difficulties have been overcome 
by improving boiler circulation to avoid “hot spots’ or “dry 
tubes,” i.e., local areas in which the steam is formed more 
rapidly than it is carried away by the circulating water in the 
boiler. 

The trend in modern boiler-feedwater-conditioning practice 
is to reduce the hardness and total solids to the lowest possible 
limits and also to reduce the alkalinity to a minimum in order 
to avoid carry-over and CO, in the steam. Such modern meth- 
ods of feedwater conditioning have been described in previous 
papers (14, 15, 16). These methods are applicable even where 
raw water contains sodium bicarbonate which hitherto could be 
removed only by distillation (17). 

This trend toward lower alkalinity has created a demand for 
a corresponding reduction in the silica content, because if the 
“silica tolerance’’ limits the amount of silica in the saline, then 
the amount of boiler blowoff is controlled in many cases by the 
silica in the feedwater rather than by the other solids present. 
The silica in the feedwater is concentrated along with other sub- 
stances which are present in solution. The extent of such con- 
centration can, of course, be controlled by regulating the amount 
of boiler blowoff which is replaced by a corresponding amount of 
fresh feedwater. However, if the silica in the feedwater is very 
high and the “silica tolerance” in the saline is very low, such 
control of the silica in the saline by blowoff becomes difficult 
and expensive. These considerations have led to a demand for 
an efficient method of reducing silica. However, it must be 
realized that the cost of reducing silica increases dispropor- 
tionately with each additional ppm reduction as the silica de- 
sired in the effluent approaches zero. Therefore, a balance 
should be determined between the boiler blowoff and silica reduc- 
tion by treatment of the feedwater to arrive at the most eco- 
nomical and satisfactory method of keeping below the silica 
tolerance. 

If, for example, the boiler saline must be limited to total solids 
1500 ppm and silica 30 ppm, and the total solids in the make-up 
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after treatment is 200 ppm, then the desired SiO, in the make-up 
water is calculated as follows 


1 
Sale = 7.5 concentrations 
200 
30 
iets 4 ppm silica 


It is then only necessary to reduce the silica to 4 ppm in the 
make-up, since the amount of boiler blowoff required to main- 
tain total solids below 1500 ppm will at the same time maintain 
silica in the boiler saline below 30 ppm. 


ANALYTICAL MurHops AND LITERATURE REFERENCES TO SILICA 
REMOVAL 


The method used throughout the investigation described in this 
paper was that adopted by the A.P.H.A. (18) with some modifi- 
cations. Swank and Mellon (19) buffered-chromate standards 
were used, because our tests confirmed the higher accuracy ob- 
tainable with these standards. This agrees with the findings of 
Knudson, Juday, and Meloche (20). 

We also found it necessary to make all our silica determina- 
tions at 20 to 25 C, since variations in temperature affected the 
color of the silicomolybdate complex. This was especially 
noticeable in cold-water investigations, where determinations 
at the low temperature gave false low readings. 

Experience showed also that glass vessels might seriously 
contaminate the solutions, particularly when they were highly 
alkaline and at high temperatures. To determine the extent of 
such contamination, tests were made with various types of con- 
tainers, periods of contact, temperatures, and solution alkalini- 
ties. These tests led to the following conclusions: 


(a) Hot-alkaline samples require suitable metal or rubber 
or other nonsiliceous containers. 

(b) Pyrex glass is fairly satisfactory. 

(c) ‘ Soft-glass containers may add considerable contamination 
and should only be used on cold waters of fairly high silica con- 
tent and fairly low pH value (below pH = 8.3, the change point 
for phenolphthalein indicator). 


M. C. Schwartz made an excellent study of the analytical 
methods for silica determination, and his paper (21) contains a 
comprehensive summary of the literature and a bibliography 
on this phase of the subject. Recently Kahler (22) presented 
data on improvements in the use of the Isaacs method which 
depends upon the blue color of the reduced silicomolybdate 
complex. 

Very little was published on the removal of silica from water 
prior to 1930. Exploratory experiments were made _ before 
that time, but no practical processes were evolved (28, 24, 25). 

Since 1930, a considerable amount of material has been pub- 
lished describing various processes. Most of these processes 
depend upon the removal of silica by absorption’ or adsorption® 
by hydrous metallic oxides or hydrated oxides, such as, alumina, 
ferric oxide, magnesium oxide, zinc oxide, and other miscellaneous 
metal oxides. 

In some of the processes described, the water is filtered through 
beds of metallic-oxide granules, which may or may not be capable 
of regeneration; in others, the metal oxides or hydroxides are 
precipitated in the water; while in others, the solid absorption 
materials are fed to the water. Processes have also been sug- 
gested in which calcium and magnesium aluminates are em- 
ployed to precipitate the silica from the water. 


*The more general term “absorption” is used throughout this 
paper, as it is possible that these processes involve other phenomena 
besides straight adsorption. 
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Silica removal by passage of water through beds of metallic- 
oxide granules has been described by Liebknecht (26), Kurz (27), 
but this method has not been adopted in practice because of 
high operating cost and operating difficulties. 

Silica removal by precipitation of aluminum hydroxide at 
high pH and by various aluminates is described in detail by 
Christman, Holmes, and Thompson (28), Stumper (2, 29), Black, 
Bardwell, and Graham (30), Kaissling (9), Lindsay and Ryznar 
(31), Lindsay and Braithwaite (32), and Betz, Noll, and Maguire 
(33). However, high treatment cost, as well as the possibility 
of analcite-scale troubles in the boilers, due to residual alumina 
in the treated-water effluent, has discouraged the adoption of 
the aluminum-hydroxide and aluminate methods of silica re- 
moval. 

Silica removal by precipitation of hydrous ferric oxide from 
ferric sulphate has been described by Smith (24), Stumper (2), 
Schwartz (34), Powell, Carpenter, Setter, and Coates (36), Behr- 
man and Gustafson (37). The article by Schwartz (34) de- 
scribes the characteristics of this hydrous-ferric-oxide process 
in detail. Several large boiler-feedwater-treatment plants, em- 
ploying this process, have been in operation for a number of 
years with satisfactory results, Applebaum (15). However, the 
cost of treatment is high, especially when the initial silica in the 
water is high. Furthermore, the precipitation of ferric hydroxide 
from the ferric sulphate fed results in an increase of soluble sul- 
phates, i.e., an increase in the total-dissolved-solids content of 
the boiler feedwater, which is frequently undesirable. 

Reimers (388) suggested the precipitation of hydrous zinc oxide, 
cadmium oxide, manganese oxide, etc., but this process was 
never adopted in practice because of high operating cost. 

Silica removal by magnesium oxide has been referred to fre- 
quently in the literature. Bohlig (89) referred to the use of cal- 
cined magnesite for reducing the calcium-bicarbonate content of 
water and noted that silica is also removed from the water in the 
same treatment. Stumper (29, 2) describes beaker tests on 
silica removal by calcined magnesite at high and low tempera- 
tures and concludes that MgO is of no value at room tem- 
perature but may be of some use at boiling-water temperatures. 
Christman, Holmes, and Thompson (28) present some laboratory 
test data indicating silica removal by precipitation of ionic mag- 
nesium at room temperature and at boiling-water temperatures. 
Hundeshagen (3) and Kurz (27) also recommended the removal 
of silica by precipitating Mg(OH)., or by the addition of calcined 
magnesite (MgO). Kuhnert (40) recommended the use of MgO 
and MgCoO; for removing silica from natural brines. Straub (41) 
studied the removal of silica from boiler salines at 182 to 282 C 
by the addition of solid MgO inside the boiler. Geisler (7) fed 
dried precipitated MgO to the water to remove the silica in a 
hot-process softener and claimed excellent results. Wesly (42, 
13) stated that phosphate ion interfered with the absorption of 
silica by solid MgO at high temperatures. Peters and Turner 
(43) recommend that partial lime softening of boiler feedwater be 
employed in order to avoid precipitating the Mg** in the water 
softener. Then this Mg** is precipitated in the boiler, and 
they state that this precipitation reduces the SiO. content of 
the boiler salines to very low values. Betz, Noll, and Maguire 
(44, 45) recommend the use of special forms of magnesium oxide 
for removal of silica in the hot-process treatment. Low-tem- 
perature treatment by magnesium oxide is not recommended by 
these investigators, even though it is claimed that longer reten- 
tion periods will improve silica removal at low temperatures. 
Behrman and Gustafson (87) recommend the precipitation of 
Mg(OH), for removing silica in cold treatment and suggest 
feeding magnesium carbonate or magnesium bicarbonate to in- 
crease the ionic Mg content of the water being treated without 
leading to an increase in total dissolved solids of the treated 
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water. They state that no improvement in silica removal is ob- 
tained by the use of dolomitic lime [Ca(OH)2-MgO] instead of 
ordinary lime. 

It is interesting to note that, despite the activity in this field 
during the last decade, no data have been presented hitherto 
on a widely applicable silica-removal process. On the other 
hand, the new magnesia-silica-removal process to be discussed 
presently has already been embodied in a large-scale installation, 
which has been operating for more than a year, and it may be 
added that further installations embodying this process are 
under construction at the present time. 


DEVELOPMENT OF MaGNesta Process For SinicA REMOVAL 


The investigations discussed in this paper were carried out 
with a view to developing a silica-removal process that would 
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Fie. 1 SiicA Removat sy Jonic Ma PrecipiTataep at VARIOUS 
TEMPERATURES 


Norp: (a) Raw well water containing 15 ppm SiOz; various amounts of 
Mgt?* added in form of Mg(HCOs)2 or MaCOs. 7 

(b) Agitated with alkali for 30 min to precipitate the ionic Mg; de- 
canted and filtered through paper, and SiOz determined on filtrate. 

(c) Precipitated Mg** only; no sludge added. 


be simple and foolproof, in addition to being economical and 
sufficiently flexible to satisfy the wide variety of conditions which 
result from the various combinations of the following factors: 
Composition of the raw water, silica desired in the effluent, tem- 
perature of water to be treated, volume of water involved, other 
treating processes which must be applied to the water in addition 
to silica removal. 

In order to determine the possibilities of developing such a 
process, several series of exploratory experiments were made 
during the early stages of this research. These investigations 
indicated that it would be possible to develop a simple and 
economical process and one that would be sufficiently flexible to 
meet the varying tonditions enumerated. It was realized, how- 
ever, that before such a process could be evolved, it would be 
necessary to carry out a systematic study of the influence of 
each of a number of factors affecting the process and to correlate 
these properly in designing equipment to suit each particular set 
of operating conditions. 

The various aspects of the problem investigated include: 


1 Silica removal by precipitating ionic Mg: 


(a) Effect of temperature and agitation 

(b) Methods of increasing the ionic Mg content of the 
raw water when that is necessary 

(c) Most suitable and economical sources of Mg in such 
cases, 
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2 Silica removal by solid, undissolved Mg compounds: 


(a) Effect of temperature and agitation 

(b) Influence of sludge; type of sludge, concentration, 
and degree of contamination 

(c) Most suitable and economical sources of Mg. 


3 Silica removal by combining the effects of precipitation of 
ionic Mg and undissolved Mg compounds. 


PrecipiratEep Ionic MAGNESIUM 


Experiments were made to determine the controlling factors 
governing the silica reduction by precipitating ionic Mgy and in 
this series of tests, the sludge was eliminated in order to observe 
the effect of ionic Mg precipitation alone. 

The Mg was added in the form of soluble Mg(HCO;)2 or 
MgCoO; to a clear well water containing about 15 ppm SiOs. 
The Mg was then precipitated by adding alkali and agitating for 
about 1 hr. These tests were also extended to various tem- 
perature ranges. The initial and final Mg and SiO, were meas- 
ured, the results being summarized in Fig. 1. 

These data show that: 


(a) Silica reduction increases with increasing amounts of 
ionic Mg precipitated at any given temperature. 

(b) The efficiency of silica absorption by precipitating ionic 
Mg increases greatly with rise in temperature. 


It is apparent from these data that, from the technical point 
of view, it is feasible to reduce the silica to any desired extent 
by precipitating ionic Mg, but a number of questions immedi- 
ately present themselves. What if there is not sufficient Mg 
in the raw water to permit precipitating the required amount 
of Mg for the desired silica reduction? In that event, how should 
it be added and in what form, and from what source should the 
Mg be obtained? Should the water be heated in order to take 
advantage of the great increase in silica-removal efficiency with 
rise in temperature? , 

The answers to these questions obviously involve considera- 
tions of design, availability and costs of Mg compounds, and 
local costs of heat. In order to study these matters adequately, 
it is first necessary to examine the reactions involved in the 
precipitation of ionic Mg and the dissolving of Mg compounds, 


PRINCIPLES oF DiIssoLvVING AND Precipitating Ma Com- 
POUNDS 


The simplest method of adding Mgt+ is to use a readily 
soluble salt, such as MgSO, which is usually available on the 
market in the form of Epsom salt, MgSO7H,0. When Mg 
ion is precipitated from an MgSO, solution by a hydroxide like 
lime, the following reaction takes place 


MgSO, + Ca(OH); 0 Meg(OH), ++ CaSO a ame (1) 


The insoluble Mg(OH), is precipitated, and the CaSO, is left in 
solution and is subsequently converted to a corresponding 
amount of Na2SO, by the other steps in the treatment which are 
applied for removing the residual hardness. Thus each milli- 
equivalent (meq) of MgSO, added leaves 1 meq of Na,SO, in 


solution. ‘The molecular weight of NazSO, = 142, and its 
142 a 
equivalent weight = isa 71. Therefore the addition of 1 


meq of Mg per 1 in the form of MgSO, (weighing 60 mg) in- 
creases the total solids of the final effluent by 71 mg per | or 71 


ppm. 
If, on the other hand, the Mg** is added in the form of MgCO, 


or Mg(HCOs)2 and is then precipitated by hydrate of lime, the 
reactions are as follows 


MgCO; + Ca(OH): Mg(OH)2 + CaCOs.......[2] 
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Mg(HCO,); + 2Ca(OH),—> Mg(OH), + 2CaCO, + 2H,0. . [3] 


Both the reaction products, Mg(OH), and CaCO,, are relatively 
insoluble, and thus the dissolving of the Mg in this form and 
its subsequent precipitation do not leave any salts in solution, 
i.e., do not increase the total dissolved solids. It should be 
borne in mind, however, that commercial magnesite (which is 
the only fairly cheap form of MgCO,) cannot be dissolved readily 
in water. But calcined magnesite (MgO) can be dissolved read- 
ily if brought into a fairly low pH environment, such as that 
prevailing in the usual raw water where HCO; and CO, are pres- 
ent. When MgO is brought into contact with such a water, the 
following reactions take place 


MeO: + CO; => MeC0g, 2, ones ctadense {4} 
or ; 
MgO + 2 HCO; ~ MgCO; + CO; + H.0...... {5] 


The reactions are essentially the same for dissolving Mg(OH), 
which, as shown in Equations [2] and [3], is the form in which 
M¢g is precipitated from solution. 

Equations (4] and [5] show that the amount of Mg which can 
be dissolved from MgO depends upon the HCO; 4- CO, content 
of the raw water. Where the raw water does not contain enough 
of these constituents to dissolve the required amount of Mg, CO, 
may be added readily and economically to the raw water by 
means of flue gas, in order to increase the MgO dissolved per 
Equation [4]. It is necessary to add a constant amount of CO, 
per unit volume of water for dissolving a constant amount of 
magnesium per unit volume of water. With this in mind, two 
arrangements may conveniently be used: 


(a) Presaturation of the Raw Water With CO, ‘This is accom~ 
plished by using a trickler-carbonator or bubbler arrangement, in 
which an excess of flue gas is contacted with the water to satu- 
rate all or a definite portion of the water with a constant amount 
of CO, under any given set of conditions. The water containing 
this constant amount of CO, is then admitted to the magnesium 
dissolver, where it is agitated with an excess of undissolved MgO, 

(b) Simultaneous Carbonation and Mg Dissolving. ‘This is 
carried out by using a flue-gas bubbler with measuring pump 
(compressor) to discharge a measured volume of flue gas directly 
into the agitated suspension of MgO in the magnesium dissolver, 
This dissolver is so designed that all the CO, added is absorbed 
by the water in the magnesium dissolver. Method (b) is useful 
when it is not possible to introduce sufficient CO, in the pre- 
saturation carbonator of (a) to dissolve the required amount of 
ionic Mg in the magnesium dissolver. 


Sources or lonic MaGnresium 


There are available several Mg compounds which are soluble 
directly in water containing HCO; and CO, As mentioned, 


TABLE 1 

Chemica) 

formula 

of usual 
: commercial 

Commercial name Chemical name form 

Epsom salt ; Magnesium sulphate Mg804-71l,0 

Caleined magnesite Magnesium oxide MgO 


Calcined dolomite (hydrated) Calcium hydrate- 
magnesium oxide 
Calcium magnesium 


oxide 


Calecined dolomite (unhydrated) 
CaO- MgO 


Ca(Oll)a MgO 
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some of these, like MgSO,, dissolve readily without reacting with 
the HCO; and CO,, while others, like MgO, require HCO; and 
CO; to carry them into solution, In addition to the disadvan- 
tage of increasing total solids, as previously discussed, MgSO, 
has a high cost per unit Mg, as shown in Vahle 1, 

In addition to MgO, there is another source of Mg which is 
even much less costly, namely, dolomitic lime, ‘This product is 
made by calcining dolomite, and its composition is shown in 
Table 1. Although hitherto it has been customary to specify 
lime-free from Mg for water treatment (46), it is now found that, 
these high Mg limes are 4 convenient and economical source of 
MgO for silica removal, ‘The figures in Table 1 show it, to be the 
cheapest source of Mg, after duly crediting the cost of the dolo- 
mitic lime with the value of the lime contained therein, ‘This 
applies where the lime present in the dolomitic lime can be use- 
fully consumed in the softening or other reactions, When the 
amount of MgO required carries with it too much lime, the dolo- 
mitic lime may be enriched by adding MgO so as to keep the 
lime dosage down to that which ean be consumed usefully in the 
reactions, ‘This is sometimes the case in waters that are low in 
Mgtt, HCO;, and CO,, so that little lime is required for treat- 
ment, 

However, there is a special problem involved in transforming 
the undissolved MgO into the ionic Mg, Wquations [4] and [5] 
showed that, CO, or HCO; must be present to dissolve MgO, It 
follows also that, so long as appreciable hydroxide is present 
(high pH), MgO does not, dissolve, Such a condition prevails 
in the usual precipitation process, where sufficient excess hy- 
droxide (usually in the form of lime) is added to complete the 
precipitation of ionic Mg after neutralizing the WOO, and CO,, 

Thus, in order to dissolve any MgO, it is necessary to transfer 
it from the high pH lime-preeipitation zone (i.e, the lime-soften- 
ing reaction and settling tank) to an environment of low pit 
value (i,e,, to a tank or compartment that is separate from the 
high pH{ zone), 

The raw water, which usually contains some HOO, and CO,, 
constitutes such a low pit environment, Thus, if MgO is the 
source of ionic Mg, it is a simple matter to feed this MgO to the 
raw water (with or without additional CO, as outlined previously) 
in a separate tank or compartment, Le, the magnesium dissolver, 

But if calcined dolomitie lime (Ca(Ol),MgO}] is used as the 
source of Mg, it becomes necessary to separate the MgO from 
the Ca(OH), before the MgO can be dissolved to yield Mgt? 
in solution, This can be done in a@ lime-saturator type of ape 
paratus, however, that is cumbersome and expensive, A much 
simpler method is to use the water-treating reaction and settling 
tank for this separation, he method of doing this is diagram- 
matically illustrated in Wig, 2, 

This simple arrangement makes it possible to use the dolo- 
mitic lime as a source of low-cost ionio Mg by withdrawing the 


SOURCES AND COSTS OF MAGNESIUM IN SOLUBLE OR DIBSOLVABLIG COMPOUNDS 


Number 
Balance of wram 
Value of of equivalents Oost per 
, Costof lime (CaO) — eost of uf Mao in gram” 
Average analysis material, content, material, a ail valand 
CaO, MgO, cents cent cents  sommereial at MuO,b 
per cent per cent per lb per tb per lb material out 
0 16 1.9 Ge 1.0 a6 0.44 
1-2 02 4.0 i) 8.0 21.0 O14 
474 $64 0.6 0.4 0.8 7.6 0.04 
574 420 0,6 0.4 0.8 0.6 0.08 


9 These figures correspond to CaO MgO mole ratios = 1:1, which is to be expected from the faot that these materials are produced by oaloining natural do- 


lomite (CaCOr MgCOs). 
6 1 milliequivalent per liter of water (meq per |) corresponds to 
1,000,000 |b 
2.2 b per | 
© In fact, 
substantial item in operating cost, 


= 454,000 meq or 454 g eq per million lb of water or 3.8 g eq per 1000 gal of water, 
£804 requires (in addition to the lime for precipitating the Mg@**) NawO, for precipitating the CaSO, left in solution; this is weually a 
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MgO-containing thickened sludge from the settling tank after 
the lime is consumed in the reactions, the MgO of the dolomitic 
lime having dropped to the bottom of the settling tank with the 
precipitated Mg(OH)2. and CaCO;. This MgO-containing sludge 
is then agitated in the low pH environment in the magnesium 
dissolver, where it meets the HCOj- and CO.-containing raw 
water. 

It should be noted that, although magnesium in the form of 
natural magnesite (MgCO;) or dolomite (CaCO;-MgCOs) is 
even cheaper than in the corresponding calcined forms shown 
in Table 1, it is not practical to use these natural uncalcined 
materials as sources of Mg, because they cannot be dissolved 
in the presence of HCO; and CO:. However, under certain 


Dolamitic Lime 
( Ca(OH) a-Mgo ) 


Ca(OH)2 consumed 


here in precipitating & 

neutralizing reactions 

Water low in silicea- 

MgO settles with to filters, etc. 

precipitated Mg(OH)» 
aco, 


Waste sludge 


Rew water con- transferred to low absorbed silica 
taining some PH zone 

Mg”, HCOs™, 

and COs 


Fie. 2 Doromitic Lime anp RecycLtep SLUDGE as a SOURCE OF 
Ionic Me 


SLUDGE Mg AopdeD ~ MEQ/L 


Fie.3 Sizica REMOVAL BY UNDISSOLVED SPAULDING PRECIPITATOR 
SLUDGE aT VARIOUS TEMPERATURES 


Note: (a) Raw well water containing 15 ppm SiOx. 

(6) Spaulding precipitator sludge containing 30 per cent by weight of 
MgO and Mg(OH): and 70 per cent CaCQs. 

(c) Agitated with sludge 30 min; then centrifuged 5 min, decanted and 
filtered through paper, and SiOz determined on filtrate. 

(d) No ionic Mg precipitated. 


conditions, a partially calcined dolomite (CaCO3;-MgO) may be 
satisfactory and economical. 


Strica REMOVAL BY UNDISSOLVED MaGNEsIuM COMPOUNDS 
(WirHout Preciprratine Iontc Ma) 


Exploratory tests made previously showed the advantages of 
accumulated Mg-containing sludges. It was clear from these 
observations that undissolved Mg compounds also have silica- 
absorption properties. This fact, as well as the desirability of 
avoiding the dissolving and reprecipitation of ionic Mg in some 
cases, made it necessary to study the role of undissolved Mg 
compounds, 

These investigations included tests on various sludges and 
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Fig. 4 Initia Srrica ABSORPTION BY VARIOUS UNDISSOLVED Ma 
CoMPOUNDS 


Note: (a) Raw well water containing 15 to 16 ppm SiOz (lower set of 
curves) and 32 to 34 ppm SiO: (upper set of curves). 

(6) Temperature 90 C. 

(c) Water agitated 20 min with each material after neutralizing HCO; 
and CO: to prevent MgO from passing into solution. Sample then decanted, 
filtered through paper, and SiOz determined on filtrate. 

(d) No ionic Mg precipitated. 


Mg SLUDGE CONC. = 4.9 MEQ/. 
ROOM TEMP. (20-25° C) 
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Fie. 5 Untmmate Sinica ABSORPTION BY VARIOUS UNDISSOLVED 
Me Compounps 


Note: (a) Raw well water containing 15 to 16 ppm SiOz. 

(6) Successive batches of water treated with one batch of externally 
prepared Mg(OH)2 sludge [by precipitation from Mg(HCOs)2 solution] 
in coneentrations indicated on eurves. 

(c) Water agitated with sludge 1 hr on eaeh test after neutralizing 
HCOz and CO:2 to prevent Mg(OH): from passing into solution. Sample 
then deeanted, filtered through paper, and SiOz determined on filtrate. 

(d) No ionic Mg peecipitaten: 


various commercial magnesium compounds. Precipitation of 
ionic Mg was eliminated so as to observe the effect of the un- 
dissolved compounds only; for this purpose, a low Mg** water 
was used, and the HCO; and CO, were neutralized before adding 
the Mg compound, so as to prevent any magnesium from passing 
into solution. The tests were also extended to various tempera- 
ture ranges, and the initial and final SiO. were measured. The 
results are set forth in Fig. 3. The tests were conducted on the 
same well water used for the ionic Mg tests and containing about 
15 ppm SiOz. The sludge was taken from a precipitator which 
had been operating for some time on this well-water supply; 
thus the sludge was substantially contaminated with absorbed 
silica. 
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These studies show that: 


(a) The larger the amount of sludge magnesium added, the 
greater is the silica reduction. 

(6) The amount of undissolved sludge Mg required to produce 
a given silica reduction is much greater than the amount of pre- 
cipitated ionic Mg required. 

(c) The efficiency of silica reduction increases with rise in 
temperature in the same general way as with precipitated ionic 
Mg. 


These findings on silica absorption by Mg sludges were then 
supplemented by determining the silica-absorption characteris- 
tics of various other undissolved Mg compounds. The results 
are summarized in Fig. 4. The term “initial absorption” means 
the silica reduction obtained by contacting a water once with a 
given material. Such tests are made in the absence of ionic Mg 
precipitation or accumulated undissolved Mg compounds. 

Since we already had indications of the value of accumulated 
sludge, further investigation was undertaken to determine more 
clearly the nature of this reaction. For this purpose, so-called 
‘‘ultimate-absorption”’ tests were made as illustrated in Fig. 5. 
These tests show that, as successive batches of water are brought 
into contact with these undissolved Mg compounds, they con- 
tinue to absorb more silica. It follows from this that there is 
economy to be realized by retaining these partially exhausted 
materials in the system for further contact with silica-containing 
water. It would be expected that such further silica absorption 
by the partially exhausted Mg compound would reduce the 
silica-absorption burden on new Mg compound added to the 
system (make-up Mg compound), and would therefore reduce 
the required quantity of such make-up Mg compound. 

In order to check these theoretical conclusions, tests were 
conducted with various undissolved Mg compounds, and the 
material added was accumulated from one batch treatment to 
the next until certain desired concentrations of these accumulated 
compounds had been reached. These accumulations are refer- 
red to as “sludge accumulations,” and their concentrations on the 
graphs are represented in terms of “sludge Mg concentrations— 
meq/L.” 

An alternative and more rapid method of accumulating such 
silica-contaminated sludge is to treat a large volume of water 
with the Mg compound in question, thereby contaminating the 
MgO with silica. The large amount of contaminated MgO 
thus obtained is separated from the water and used as the con- 
taminated sludge for subsequent treatments of small volumes of 
water. 

To these successive batches of water, specified amounts of 
make-up MgO are added until equilibrium is reached under each 
set of conditions for at least several batches, and just prior to 
adding the make-up MgO, a portion of the sludge is discharged 
to waste in an amount equal to the make-up MgO to be added 
to the system. Thus the total sludge Mg concentration is 
maintained at a constant figure for each series of measurements 
with a specific make-up MgO dosage. This provides a method 
for collecting equilibrium data which stimulate the results that 
are obtained in large-scale operation. 

Figs. 6 and 7 summarize the results obtained for certain Mg 
compounds at 95 C and 20 to 25 C, respectively. The absorp- 
tion of silica by adding make-up undissolved Mg compounds 
in the presence of Mg sludge accumulations is referred to as 
“operating absorption.’”? These graphs show clearly that the 
accumulation of Mg sludges substantially reduces the amount 
of make-up MgO required for obtaining a given silica-removal 
result or, conversely, that the same amount of make-up MgO 
produces a better silica-removal result in the presence of Mg 
sludge accumulations. 
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SouRcES AND DESIRABLE CHARACTERISTICS OF UNDISSOLVED Ma 
CoMPOUNDS 


’ In general, the same materials as those mentioned under 
sources of ionic Mg are suitable for silica absorption in the un- 
dissolved form, calcined dolomite [Ca(OH)2MgO] being one of 
the cheapest sources (see Table 1). Usually it is necessary to add 
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Fig. 6 ¥ Errect or Accumutatine Me Stupaus on Sinica REMOVAL 
By UNpIssoLvED Me Compounps; HigH TEMPERATURE 


Nore: (a) S represents sludge-magnesium concentration in meq/L. 
_ (6) Material used as make-up and accumulated as sludge was a commer- 

cial calcined magnesite about 300 mesh. 

(c) Raw well water containing 15 ppm SiOz. 

(d) Temperature 95 C. 

(e) Agitated with sludge 20 min. 

(f) pH of filtered effluent 10 to 10.3. F 

(g) HCO3 and CO; first neutralized with lime to prevent any of the Mg 
from passing through ionic stage. 

(h) No ionic Mg precipitated. 
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Fie. 7 Errect or AccumuLATiIna Ma Stupaus on SizicA REMOVAL 
By UnpiIssoLvep Ma Compounps; Low THMPERATURD 


Nore: (a) S represents sludge-magnesium concentration in meq) L. 

(b) Material used as make-up and accumulated as sludge was a com- 
mercial calcined magnesite about 300 mesh. 

(c) Raw well water containing 15 ppm SiOz. 

(d) Temperature 20 to 25 C. 

(e) Agitated with sludge 1 hr. 

(f) pH of filtered effluent 10 to 10.3. 

(g) HCOg and CO? first neutralized with lime to prevent any of the Mg 
from passing through ionic stage. 

(h) No ionic Mg precipitated. 


some lime in the treatment even if Mgt* is not being precipi- 
tated; as a matter of fact, the HCO; and CO, in the water must 
be neutralized to prevent the MgO from passing into solution. 
Thus, if dolomitic lime is used, there is added with each equivalent 
of Ca(OH). one equivalent of low-cost MgO. If this is not 
sufficient, the dolomitic lime may be supplemented by mag- 
nesium oxide (MgO). 

Tests show that, when dolomitic lime is used in this man- 
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ner, it is preferable to avoid feeding it in the form of a slurry, 
because the absorption of OH ion by the MgO from this concen- 
trated-lime solution reduces the silica-absorption capacity of 
the MgO. (Some of our recent data contradict this statement, 
but there has not yet been an opportunity to determine the final 
answer to this question.) Our investigations have shown also 
that other things being equal, finer particle size enhances the 
silica absorption by undissolved Mg compounds. Also there is a 
relation between the calcining temperature of various materials 
and their ability to absorb silica. 


ComBINED Us& or Ionic MAGNEstuM AND UNDISsOLVED Mac- 
NESIUM COMPOUNDS 


Although in the preceding discussion and in much of the in- 
vestigation, these two types of Mg have been separated for 
purposes of study, in actual practice both forms of Mg are usually 
used in combination. This is due to the fact that most raw 
waters contain some Mg*t, and, if not, they usually contain 
some HCO; and COz., so that some ionic Mg can be conveniently 
added by the simple expedient of agitating the raw water with 
an Mg-containing sludge in the magnesium dissolver (Equations 
[4] and [5]). 

In this connection, it should be noted that, if ionic Mg is 
added to the water by dissolving MgO or Mg(OH). and if no 
CO; is added to the system, the amount of lime required for the 
precipitation of this Mg*+ is the same as that which would 
have been required for reacting with the CO: 4+- HCOs;7 in the usual 
lime treatment. This is apparent from a consideration of the 
following reactions, which take place in the usual lime treatment. 


CO, -f- Ca(OH): —> CaCO 3 4 H,0 aie nisterth ete brie [6] 
2HCO; + Ca(OH): — CaCO; + CO; + 2H:0 ....[7] 


In each of these reactions, 1 equivalent of lime is consumed, 
while according to Equations [4] and [5], the reactions be- 
tween MgO and the same amounts of CO, and HCO; yield one 
equivalent of MgCO; in each case. As shown by Equation [2], 
each of these equivalents of MgCOs in turn requires only 1 equiva- 
lent of Ca(OH),, i.e., the same amount as required for the reac- 
tions directly with lime as set forth in Equations [6] and [7]. 
The OH ion liberated by the hydrolysis of the MgO or directly 
by the Mg(OH), exactly balances the OH ion required in the 
form of lime (or other alkali) for the precipitation of the dis- 
solved MgCOs. It follows that the mere addition of ionic Mg, dis- 
solved from MgO by the CO; +- HCO; present in the raw water, 
does not cause any increase in the lime consumption. Also it is 
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clear that the amount of Mgt+ picked up in the magnesium dis- 
solver does not alter the lime dosage in any way, ie., the hard- 
ness and alkalinity of the effluent remain constant. 

Where conditions require the precipitation of more ionic Mg 
than can be directly taken up by the raw water, the CO, content 
of the water is increased by means of flue gas as discussed pre- 
viously. In that event, each added equivalent of CO, requires 
the addition of one equivalent of lime. Usually this does not in- 
crease the operating cost out of proportion to the added benefits 
obtained from the high Mg**. 


Sinica CoNTAMINATION oF SLUDGE ACCUMULATIONS 


In practicing the combined ionic Mg and undissolved Mg 
process, the Mg*+ which is precipitated as Mg(OH)s concen- 
trates in the sludge zone of the settling tank with the MgO 
of the dolomite. During this cycle, the Mg(OH). and MgO are 
contaminated with the silica which they absorb, and such con- 
tamination would increase indefinitely were it not for the fact 
that there is discharged to waste from the system a certain 
amount of silica-contaminated sludge, while there is being added 
to the system fresh Mg. If the Mg added to the system and 
wasted is increased, this ratio of Mg:SiOz in the sludge rises 
correspondingly, and the residual SiO; in the effluent decreases, 
Fig. 6. Therefore, in calculating the amount of make-up MgO 
to be added in the form of Ca(OH)2:-MgO or MgO, this contami- 
nation factor must be considered, i.e., the amount of make-up 
MgO must bear a certain ratio to the SiOx. 


SPAULDING PrecipiraTor-TyprE EQuipMENT FAVORABLE FOR 
PRocEss 


In addition to the laboratory-scale tests on both the ionic 
Mg, the undissolved Mg compounds, and the combined process, 
extended tests were carried out on a miniature-plant scale using 
various combinations of ionic and undissolved Mg, at various 
temperatures, and with various sludge concentrations. These 
extensive tests indicate that the most favorable type of equip- 
ment is that illustrated in Fig. 8. The principles of the precipi- 
tator itself have been described (47), and it is clear that this equip- 
ment has certain characteristics which make it particularly suit- 
able for carrying out this process. 

For example, as shown in Fig. 8, the magnesium dissolver can 
be conveniently built into the upper section of the downcomer 
without any sacrifice of useful space. Also, this type of equip- 
ment lends itself readily to the insertion of so-called sludge-con- 
centrator pockets in which the sludge is further thickened. This 
thickened sludge is especially suitable for recirculation into the 
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magnesium dissolver, because the higher the sludge concentra- 
tion in this recirculated stream, the smaller is the volume re- 
quired to maintain the proper MgO concentration in the mag- 
nesium dissolver. Also, it is desirable to add as little as possible 
of the high pH liquid to the magnesium dissolver, because any 
OH~- or CO, in the recirculated liquid neutralizes some of the 
HCO; and CO; in the raw water, and thereby reduces the amount 
of Mgt+ that can be dissolved in the magnesium dissolver. 

As shown previously, thorough and extended agitation of the 
concentrated sludge with the water enhances the silica-removal 
process. It is clear that the Spaulding precipitator affords this 
extended intimate contact between the water and the sludge, 
which is maintained in suspension in the lower part of the equip- 
ment. Briefly, the operation, illustrated in Fig. 8, is as follows: 
The raw water and recirculated sludge are mixed in the magne- 
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Norte: (a) Raw water containing 30 to 33 ppm SiOz. 

(b) Commercial calcined magnesite (finer than 200 Pies added in 
presence of 100 meq sludge Mg per 1. 

(c) Temperature 95 C. 

(d) Agitated with MgO 20 min; then decanted and filtered, and SiO: 
determined on filtrate. 

(e) HCO 3 and CO: neutralized on untreated sample to prevent MgO 
passing into solution. 
« (4) No ionic Mg precipitated. 
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sium-dissolver compartment, where the water takes up the re- 
quired amount of Mg++, This water then passes into the down- 
comer, where it meets the stream of chemical reagents and 
undergoes thorough agitation for an extended period of time, 
during which the Mg*t is precipitated as Mg(OH), and the Catt 
is precipitated as CaCO;. The water containing these precipi- 
tates and the undissolved MgO from the dolomitic lime or other 
source then passes through the ports adjacent to the lower edge 
of the central downcomer and passes upward through the con- 
centrated suspension of previously formed sludge in the outer 
compartment. As this compartment increases in cross-sectional 
area, the vertical velocity of the water continuously decreases as 
it rises toward the outlet. Finally, the upward velocity of the 
water decreases to such a point that it can no longer main- 
tain the sludge particles in suspension. At this level, the sludge 
is left behind, and the clear water rises to the top of the equip- 
ment and overflows the collecting weir and passes through the 
outlet and into the filters. 

In addition to accomplishing the silica removal by the pre- 
cipitation of Mg++ and by maintaining intimate contact be- 
tween the sludge and the water, this equipment permits the 
usual lime-soda softening reactions to take place at the same 
time. Also the addition of coagulant provides for simultaneous 
turbidity removal. It is evident, therefore, that this silica- 
removal process can be incorporated in the lime-soda-coagulant- 
softening and turbidity-removal plant at little added initial cost or 
operating cost. 

The process can also be incorporated into the usual hot-proc- 
ess lime-soda softener. For the most efficient results, it is de- 
sirable to incorporate the Spaulding sludge-agitation and sludge- 
contact features (and occasionally the magnesium-dissolver fea- 
ture) in such equipment. With this in view, the construction 
principles, illustrated in Fig. 8, are being incorporated in a modi- 
fied hot-process lime-soda softener which is under construction at 
the present time. 


Errect oF PHosPHATE ON SILICA REMOVAL 


A question arises as to the effect of phosphates on this silica- 
removal process. In some cases where the raw-water hardness 
is very low, it is found desirable to soften the feedwater make-up 
by external hot-phosphate treatment, which is carried out in 
equipment similar to the conventional hot-process lime-soda 
softener. Since many such low-hardness waters have a high 
silica content, the effect of phosphate ion on the absorption of 
silica by undissolved MgO was investigated. Wesly (13, 42) 
reported that phosphate ion interfered with silica absorption by 
undissolved MgO, and our tests were made to determine the 
extent of this interference under conditions prevailing in the 
present process. 

Two series of tests were carried out; one on the so-called initial 
silica absorption, where the MgO is contacted once with the 
water without sludge accumulations, and a second on the so- 
called operating silica absorption, which is carried out in the 
presence of concentrated accumulations of Mg compounds or 
sludge and only a certain amount of make-up Mg compound is’ 
added to the system. In each case, the results were compared 
on the hot-phosphate-treated water with those on a water which 
was not treated with phosphate. 

Figs. 9 and 10 summarize the data, They show clearly that 
the presence of phosphate ion interferes substantially with the 
silica-absorption properties of MgO. It may be concluded, 
therefore, that in such cases it is usually preferable to apply the 
silica-removal process before applying the hot-phosphate treat- 
ment, 

CONCLUSIONS 


This research study has revealed the following: 
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(a) ¥or any given set of conditions ionic Mg precipitated 
in situ as Mg(OH): is most efficient, but undissolved Mg com- 
pounds of proper quality (fine-particle size, etc.) also give satis- 
factory results when favorable conditions of sludge concentra- 
tion, agitation, etc., are maintained. 

(b) The efficiency of removing silica by precipitating ionic 
Mg or by undissolved Mg compounds increases with tempera- 
ture, but the application of other factors disclosed makes it pos- 
sible to obtain satisfactory results at low temperature. Slight 
prewarming of the water to about 30 to 40 C (86 to 104 F) re- 
duces the Mg required to obtain the desired result; waste heat is 
usually available for this purpose. 

(c) Efficiency increases with the concentration of the Mg- 
containing sludge in contact with the water. 

(d) Increasing the time of contact with the sludge absorbent in 
agitated suspension improves the results. 

(e) Reducing the silica contamination of the retained con- 
centrated sludge reduces the silica in the effluent: thus if the Mg 
added to the system is increased, the ratio of Mg:SiO2 in the 
sludge rises correspondingly, and the residual SiO, in the effluent 
decreases. 

(f) The presence of phosphate ion interferes with silica ab- 
sorption by MgO. 

(g) In those cases where additional Mg is required for the de- 
sired silica reduction, it can usually be obtained most economi- 
cally from dolomitic lime (Ca(OH)2MgO); where no lime is 
required in the treatment, calcined magnesite (MgO) is used. 

(h) Ionic Mg may be added to the raw water economically 
and without increasing the lime requirement or the total-solids 
content of the effluent by recirculating sludge into a magnesium- 
dissolver compartment or low pH zone, where the HCO; and 
CO, in the raw water dissolves Mg++ from this sludge. If 
necessary, additional CO, may be added by flue-gas carbonation 
to increase further the amount of Mgt* introduced. 

In applying this silica-removal process, the economic balancing 
of these findings to produce the desired result requires careful 
consideration of all the facts in any given case. The data show 
that the silica may be removed efficiently both at low and high 
temperatures. In general, the following may be stated with 
respect to the equipment: 

(a) If hot-process lime-soda treatment is applied to reduce 
the hardness, superior silica-removal results are obtained by 
using equipment embodying positive agitation and intimate 
sludge contact like that provided by a Spaulding. precipitator 
type of hot-process softener. 

(b) If hot-phosphate softening is used, the silica-removal 
treatment should be carried out first, and the phosphate treat- 
ment should follow. 

(c) If the treatment is applied at low or medium tempera- 
tures (cold-process treatment), the silica removal is applied first, 
and advantage may be taken of posttreatment by carbonaceous 
zeolites, which completely eliminate any residual hardness. Car- 
bonaceous hydrogen-zeolite treatment (14) may also be in- 
cluded to reduce the final alkalinity to any predetermined figure. 
These carbonaceous zeolites, being nonsiliceous, can treat the ef- 
fluent of the silica-removal plant without danger of silica pickup 
from the zeolite by the water. 
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Discussion 


L. D. Burz,* C. A. Nott,5 anp J. J. Macurre.6 This paper 
presents data which serves to confirm some of the conclusions pre- 
viously reached by the writers.’ We have previously pointed 
out the increase in efficiency of silica removal, which results 
from increase in temperature, increase in retention and recircula- 
tion of sludge, and are naturally pleased that independent in- 
vestigators have confirmed the validity of our former conclusions. 

Unlike the author, however, we have not found ionic mag- 
nesium precipitated in situ as Mg(OH), to be more efficient in the 
removal of silica from solution than the use of properly prepared 
magnesium oxide, except within the limits of possible error in 
laboratory technique. Under full-scale-plant conditions, a 
study of the results obtained have indicated very little, if any, 
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difference in the quantity of silica removed, per unit of mag- 
nesium added, whether in the dissolved form as a salt such as 
magnesium sulphate or from an undissolved compound such as a 
specially prepared form of magnesium oxide. It is evident 
that the author’s conclusions on the greater efficiency of ionic 
magnesium were obtained by the comparison of a soluble salt, such 
as magnesium sulphate with an ‘undissolved compound,” 
such as calcined magnesite. In the large amount of work we 
have done on silica removal, we have tested and reported on a 
great number of various types of calcined magnesite and have 
found the efficiency of numerous samples submitted to vary 
considerably. A special form of magnesium oxide, prepared 
from sea-water bitterns, has been found to possess qualities 
markedly superior to calcined magnesite for the removal of silica 
from water. 

Under the heading, “Sources of Undissolved Magnesium Com- 
pounds,” the author calls attention to the fact that ‘finer particle 
size enhances the silica absorption by undissolved magnesium 
compounds. Also there is a relation between the calcining tem- 
perature of various materials and their ability to absorb silica.” 
This confirms work done in our laboratories quite some time ago 
and was the direct cause of cooperative research with the Cali- 
fornia Chemical Company, which led to the development, al- 
most two years ago, of a highly efficient magnesium oxide prepared 
under controlled conditions. It is this specially prepared form 
of magnesium oxide which they have termed Remosil and which 
we have found to possess considerably superior silica-removal 
properties to any other form of magnesium oxide we have tested. 
It is for this reason they have specifically branded this to differ- 
entiate it from calcined magnesite. Such data, we have pre- 
sented in our previous papers on this subject. 

Examination of the data, shown in Fig. 4 of the paper, for the 
initial silica absorption by various undissolved magnesium com- 
pounds, indicates a rather low silica-removal efficiency (parts of 
silica removed per part reagent employed). For example, the 
work done on the raw water containing 32 to 34 ppm silica, the 
results illustrated for commercial calcined magnesite A, indicate a 
reduction of the silica content to approximately 5 ppm, employ- 
ing approximately 32 meq per | of commercial calcined magnesite 
A. This is equivalent to the removal of 28 ppm of silica by 640 
ppm calcined magnesite A or a silica removal of 0.044 per part of 
calcined magnesite. For commercial calcined magnesite C, 
silica reduction was effected down to approximately 3 ppm 
with the use of approximately 32 meq per | of calcined magnesite 
C, or 30 ppm of silica removed by 640 ppm of calcined magnesite. 
This is equivalent to 0.047 part of silica removed per part of 
calcined magnesite C. 

Reference to Table 2, in a current paper® by the writers, will 
show that silica was reduced from 37.1 ppm to 3.6 ppm with the 
use of 200 ppm magnesium oxide. This shows the removal of 
0.17 part of silica per part of magnesium oxide used. In an- 
other case, in Table 3 of the same paper, silica was reduced from 
31 ppm to 3 ppm with the use of 150 ppm magnesium oxide. 
This shows a removal of 0.19 part of silica per part of magnesium 
oxide used. This information is summarized in Table 2 of this © 
discussion. This represents a silica-removal efficiency four times 
as great for the specially prepared form of magnesium oxide we 
used in our work as was secured by the author, with the calcined 
magnesite which he employed. This checks quite closely with 
the results the writers obtained in their work, as shown in Fig. 9 
of our current paper.® 

Relatively low silica removal per part of calcined magnesite 
is also shown by the S = 0 curve of Figs.6 and 7. Fig. 9 of the 


8 “Adsorption Process for Removal of Soluble Silica From Water,” 
by L. D. Betz, C. A. Noll, and J. J. Maguire, Trans. A.S.M.E., vol. 
63, 1941, pp. 713-720. 
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TABLE 2 DATA ON REMOVAL OF SILICA BY USE OF 
MAGNESIUM OXIDE 


sidual Silica 
Silica silica Re- removed 
in in Silica Reagent agent per part 
original treated re- em- em- of 
water, water, moved, ployed, ployed, reagent 
ppm ppm ppm meqperl ppm employed 
Calcined magnesite A 
ee rd) eyeiee ss veers 32-344 5 28 32 640 0.044 
Calcined magnesite C 
(CTE Rene 32-342 3 30 32 640 0.047 
Remosil, MgO 
(@able:2). a... 37.1 6 3.6 33.5 10 200 0.170 
Remosil, MgO 
CRable 3) iva tenes 31.0 6 3 28 7.5 150 0.190 
Remosil, MgO 
(able 4) estan ss. 48.0 b 25 35.5 13 260 0.175 


* Reported in author’s paper. 
6 Reported by writers.’ 


same paper® also shows low silica removal per unit of calcined 
magnesite. In general, the silica-removal efficiencies obtained 
check our previous observations that the various forms of cal- 
cined magnesite are considerably less efficient for the removal of 
silica, than the specially prepared highly adsorptive grade of mag- 
nesium oxide prepared from sea-water bitterns. Undoubtedly, 
the low removal efficiencies of the calcined magnesites em- 
ployed in this work have led the author to the conclusions that 
ionic magnesium is considerably more effective in the removal 
of silica than magnesium added in the form of an undissolved 
magnesium compound. Where the magnesium oxide is added 
as calcined magnesite, this is true. However, the more adsorp- 
tive forms of magnesium oxide, with which most of our work 
was carried out, possess silica-removal properties per unit of 
magnesium, comparable with those possessed by soluble mag- 
nesium salts. 

We have found that it is rather important to control the 
pH value of the silica-removal process at approximately 10.1. 
The author, in this paper, makes no mention of any control on 
the basis of pH. 

We have not found it necessary in our experience to employ 
such a unit as the ‘‘magnesium dissolver.’”’ It is possible that 
such a device has been employed in this work because of the rela- 
tively low efficiency of the calcined magnesite used. Where.a 
magnesium oxide of a higher degree of efficiency is employed, since 
there is no appreciable difference in the silica-removal properties 
of that magnesium oxide, when compared with soluble magnesium 
salts, the need for a dissolver is eliminated. 

We have employed, with very successful results, the simple 
method of adding the specially prepared magnesium oxide di- 
rectly to the chemical mixing tank of a softener, at the same time 
as the lime and soda ash employed for softening. ; 

In this paper, the author, without reservation, concludes (f): 
“The presence of phosphate ion interferes with silica absorption 
by MgO.” This conclusion is based on data shown in Figs. 9 
and 10 of the paper. Our work with magnesium oxide is not in 
agreement with this conclusion. On the basis of laboratory 
work, with water containing about 30 ppm silica, 3 ppm phos- 
phate ion in a treated water does not interfere with subsequent 
silica removal by magnesium oxide, within the degree of analyti- 
cal accuracy. 


T. E. Crossan.? This paper on silica comes at an opportune 
time when many high-pressure stations are giving serious con- 
sideration to the maintenance of low dissolved silica in boiler 
water without entailing excessive cost and blowdown. For 
over a year and a half, silica removal by dolomitic oxide, fed 
along with quicklime, has been accomplished in the double-cone 
precipitators at Louisiana Station of the Gulf States Utilities 


® Superintendent of Production, Gulf States Utilities Company, 
Baton Rouge, La. Mem. A.S.M.E. 


Company. Softening and removal of turbidity from the Missis- 
sippi River water are accomplished along with the removal of 
silica, but no recirculation of sludge is practiced. 

Our experience to date, with a few exceptions, has agreed with 
the conclusions reached by the author. Increased ionic magne- 
sium in the river water, higher temperature, higher sludge con- 
centration in the agitation chamber, and longer agitation time, 
all aid toward the removal of dissolved silica. 

There are, however, certain unfavorable aspects which we 
have encountered. The introduction of a coagulant (in this 
case ferric sulphate) definitely retards the silica reduction. Dur- 
ing periods of river-water turbidities of over 800 ppm, the re- 
moval of silica becomes less effective. In some cases, when the 
incoming dissolved silica is under 4.5 ppm, and the river-water 
turbidity is high, no silica reduction resulted. With high dis- 
solved silica and high turbidity in the river water good removal 
has been obtained. 

For a constant percentage of total sludge in the agitation cham- 
ber of the precipitator, the percentage of magnesium sludge de- 
creases to small proportions as the river-water turbidity in- 
creases. Thus, the silica removal is impaired as the proportion 
of magnesium in the sludge decreases. Furthermore, if this 
sludge is recirculated, considerable recirculation must be done 
before any appreciable magnesium can be dissolved in the in- 
coming water. Recirculation of this sludge to this extent in an 
already highly turbid water would soon overload the sludge con- 
centrators, and the tank effluent would soon be found to carry 
sludge. Recirculation of sludge, during periods of high tur- 
bidity of the inlet water, therefore, may be impractical. On the 
other hand, the decrease in silica removal may not entirely be 
one of decrease in magnesium concentration. It may be due to 
interference with the surface activity or adsorption properties 
of the magnesium by the finely divided clay. 

Because of the constantly varying conditions of our inlet water, 
and the rather low river-water-dissolved silica, it is difficult to 
determine the effect of feeding a dolomitic-oxide slurry. In 
general, however, the dolomitic oxide (on the basis of equivalent 
magnesium) appears to be at least one half as effective as ionic 
magnesium. With entering dissolved-silica contents of over 
4.5 ppm, even better results are obtained. 

In a system such as ours, the water entering the zeolites must 
be reduced to 7 pH. For good silica removal with magnesium, 
higher pH values must be carried to precipitate the magnesium 
than would be required if only a maximum of calcium-hardness 
removal were required. This means a higher lime dose for silica 
removal and, eventually, before the zeolites, a higher sulphuric- 
acid dose to neutralize it than during periods when silica reduc- 
tion is not required. Silica removal by magnesium therefore 
can be accompanied by a higher dissolved solids to the boilers 
than is experienced during normal operation without silica re- 
moval. 

Because of the longer detention periods, and the greater sludge 
concentrations required for removal of silica in the cold with 
magnesium than is required for softening and clarification alone, 
a somewhat greater plant investment is required. This is 
especially so with waters having over 200 ppm turbidity. 

When feeding dolomitic oxide along with the quicklime, prac- 
tically no magnesium goes into solution. Even though this 
results in less effective silica removal, it does not subject the 
system to sudden fluctuations in hardness to the zeolites and 
thus endanger their being overrun, sending excessive hardness to 
the boilers. If conditions are not correct for silica removal, 
practically no hardness fluctuation results. 

On the other hand, if the sludge-recirculation system of the 
author’s company is used, the amount of magnesium in the 
sludge, the strength of the sludge, and the quantity of CO: must 
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be controlled accurately at all times. Deficiency of CO, will 
result. in high alkalinities and high calcium hardness. On the 
other hand too much CO, may result in high magnesium hard- 
ness, perhaps high calcium hardness, ineffective coagulation, 
and the sludge in the unit being carried over with the delivered 
water. With an unchanging water supply and with an unchang- 
ing rate to be treated, the system has the additional need for 
accurate CO. control. However, with a variable water supply 
and a changing rate, the system will, as we now see it, require 
extremely careful control and observation. 

One of the most important economical factors in the system, 
described by the author, is the pH of the water entering the 
downtake, Fig. 8 of the paper. It would be interesting to know 
the proportions and the amounts of magnesium and calcium 
dissolved by CO, at different pH values. If adequate dissolving 
of magnesium can be accomplished at 9.1 pH, without too much 
simultaneous dissolving of calcium, then considerable lime and 
CO; can be saved. At 7.5 pH both magnesium and calcium 
enter solution very readily, but more CO; is required to convert 
magnesium and calcium to the bicarbonate form, and consider- 
able calcium is dissolved with the magnesium. The lime dose 
required to reprecipitate the redissolved calcium and magnesium 
becomes quite large. Therefore, the pH at which redissolving 
of magnesium takes place would seem to be highly important 
from an economical standpoint. 

The maintenance of low dissolved silica in boiler waters, with- 
out high blowdown or excessive chemical cost, would seem to be 
within reasonable reach of many high-pressure stations, as a 
result of the comprehensive treatment of the subject in this 
paper. 


C. E. Joos.!° This paper treats comprehensively the various 
factors affecting the silica-removal process by magnesium salts. 
While the author discusses both the cold and hot treatments, 
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the writer wishes to corifine his comments to the hot-process 
treatment for silica reduction when combined with softening. 

It has been recognized for many years that the hot-process 
softener, utilizing lime and soda ash in the treatment of fairly 
hard water supplies, resulted in considerable silica reduction. 
Fig. 11, of this discussion, illustrates a series of tests, made on 
raw and treated waters from hot-process-softener installations, 
showing the reduction in silica which took place during the soften- 
ing process without regard to silica reduction as the principal 
objective. It was also noted that, the higher the magnesium 
hardness, the more effective was the silica removal, and that 
calcium precipitants were of slight value. These observations 
led to the process of fortifying the water with magnesium sul- 
phate wherever the silica reduction was to be greater than that 
which could be obtained through the precipitation of the natural 
magnesium hardness of the raw water. 
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HOT PROCESS SOFTENER FOR SILICA REMOVAL 
AND PHOSPHATE SOFTENING 


S10, 
Ca(HCO,), 
CaSO, 


CONDENSATE 


MgSO, NaOH H2SO, 
Na,PO, 
A, — MgSO, + 2 NaOH —+Mg(OH), + Na,SO, 
mens 
Az — Mg(OH); + Sid, ~+Mg(OH), . SiO, 
ee 
A; — WaSO, + 2 Na;PO, —+Ca;(PO,)2 + 3 Na,SO, 
a Oos 
8B — H,SO, +2 NaOH +Na,SO, + 2 H,0 
Fie. 12 Hor-Process SorrENER FoR Sinica REMOVAL AND PHos- 
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Recommendations of this procedure were made as early as 
1936, and a hot-process softener has been in operation for well 
over a year, specifically installed to reduce silica by the use of 
magnesium sulphate. Fig. 12, of this discussion, is a diagram- 
matic outline of this installation. Phosphate is used in this case 
as the softening agent, because of the low hardness of the raw 
water. Sludge is recirculated to reduce the consumption of 
magnesium sulphate and caustic soda. 

During our research in the reduction of silica by the use of 
magnesium salts, it was recognized that magnesium sulphate, 
although very effective, was open to the objection that it pro- 
duces a by-product of sodium sulphate which in some cases was 
objectionable. This objection was overcome by the use of mag- 
nesium oxide which is only slightly less effective than the sul- 
phate and produces no by-product. Our work indicates that, 
while the ionic magnesium, in the form of the bicarbonate of 
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sulphate, is somewhat more effective than the magnesium oxide, 
the difference is not as great as that indicated by the author. 

_ In Fig. 13 the curves C and D represent the difference on the 
* basis of tests conducted on a natural water having a silica content 
of 44 ppm. Curve D represents results obtained by the use of 
magnesium sulphate, and C by the use of a commercial magnesium 
oxide. Curve F represents results with the use of magnesium sul- 
phate on a water having an initial silica content of 30 ppm. 
Curves A and B are plotted from points taken from the author’s 
paper, Fig. 9. 

While the author’s results showing the effectiveness of ionic 
magnesium (Fig. 1, curve for 90 C) agree closely with our own 
findings with magnesium sulphate, shown by curves F and D, 
Fig. 13, his data on the use of magnesium oxide indicate the 
necessity of using a quantity far in excess of that required by our 
research. This difference is indicated by a comparison of curves 
F and B, representing tests on a water having an initial silica 
content of 30 ppm. The difference in results can only be ex- 
| plained by the difference in the physical or chemical characteris- 
’ tics of the calcined magnesite which the author used and the 
magnesium oxide we employed. In view of the fact that the mag- 
nesium oxide we used is commercially available, it is obvious 
that the process can be much improved by proper selection of the 
reagents employed. 

From the author’s work with the absorption of silica in the 
presence of the phosphate ion, as illustrated in Fig. 9 of the paper, 
he comes to the conclusion, ‘‘the presence of phosphate ion 
interferes with silica absorption by magnesium oxide.”’ His con- 
clusions are not borne out by our own researches in the laboratory 
or observations made with hot-process water-softener installa- 
tions. As an illustration, Fig. 13 of this discussion reproduces 
the author’s findings in which curve B illustrates the reduction of 
silica obtained by the use of calcined magnesite, while curve A 
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illustrates the same procedure, excepting that precipitation is 
conducted in the presence of approximately 3 ppm of phosphate 
ion. On a water containing 30 ppm of silica, which is the con- 
centration the author uses for his explanation, we obtain by the 
use of magnesium sulphate with the presence of 2 to 5 ppm 
PO, a curve illustrated by £, and F illustrates the same procedure 
without the phosphate ion being present. It is quite evident 
from these curves that, while there may be a slight difference in 
the absorbing properties of magnesium-hydrate precipitate, it is 


quite evident that the author’s differences cannot be reconciled 
with our own work. 

Curves # and F resulted from gravimetric-silica tests, whereas, 
these same observations were made using colorimetric-silica pro- 
cedures, and are illustrated in Fig. 14 of this discussion. It will 
be observed that their points are so close it would be impossible 
to draw the conclusion that the phosphate ion interferes with the 
absorbing properties of magnesium hydrate. 

The reason for this may be in the type of reagents employed 
for it is quite clear from Fig. 13, with the comparison of curves B 
and F, that the author’s efficiency of removal is very much less 
than our own findings. This cannot be ascribed to the differences 
existing between the use of magnesium oxide and ionic magnesium 
sulphate, as these differences are illustrated clearly by curves C 
and D. 

Observation in the field verifies our research that, within the 
limits of concentrations of magnesium oxide and PQ, ion used 
in practice, the presence of the PO, ion does not interfere per- 
ceptibly with the silica-removal process. 

The author points out the effectiveness of sludge recirculation 
which is a substantiation of our own researches and practical 
experience in the field, in which the magnesium consumption can 
be reduced to approximately 50 per cent in normal cases by em- 
ploying such means. 

While he does not present in his paper the effect of magnesium 
oxide on the absorption of the phosphate ion, this subject has 
been brought up previously and used as a reason for conducting 
a silica-removal and phosphate-softening process in two stages. 
Analysis of the quantity of phosphate absorbed by the mag- 
nesium precipitate does not substantiate a sound basis for this 
recommendation. Our observations have indicated that when 
5 ppm of phosphate ion are introduced as an excess, there is no 
absorption with the use of 50 ppm magnesium sulphate, ab- 
sorption of only 1 ppm with the use of 100 ppm of magnesium 
sulphate, and 3 ppm with the use of 150 ppm. In view of the 
fact that recirculation of sludge is customarily employed in all 
processes, the quantity of magnesium salts necessary for the 
normal silica reduction will not generally exceed 100 ppm of 
magnesium sulphate, or its equivalent in magnesium oxide. 
Therefore, it does not appear to be economically justified to 
complicate hot-process softening apparatus merely for the sav- 
ing of 1 ppm of phosphate. 

Our work in the laboratory and in the field does not indicate 
that the silica-removal process need be separated from that of 
phosphate softening wherever the phosphate-softening process is 
applicable. The separation of these processes, as recommended 
by the author, would add unnecessarily to the equipment cost 
and attendance. 


8. E. Tray.!! Current interest in methods of reducing the 
silica content of water used for boiler feed is not only a tribute to 
the advancement of the science of water treatment, but is in- 
dicative of the important role which research plays in the de- 
velopment of steam and power generation. The author is to be 
commended on the manner in which he has presented data which 
will prove an important contribution in the field of silica reduc- 
tion. It is interesting to note that, while the effect of magnesium 
on the reduction of soluble silica has been quite well known for a 
number of years, there has been little effort to investigate all of 
the possibilities of the process until comparatively recently. It 
is also interesting to observe the number of investigators simul- 
taneously engaged in the study of this process, which only serves 
to emphasize the importance of the subject. 

The author makes an interesting observation on the subject of 
“silica tolerance,” which is the maximum allowable amount of 
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silica that may be tolerated in the concentrated boiler saline. 
From the standpoint of silica-scale deposits in boilers, it would 
appear that a minimum silica content of boiler water is as de- 
sirable as minimum alkalinity and total solids. The usual boiler- 
water sample taken from a boiler drum is assumed to represent 
average boiler-water conditions. Unfortunately, there have 
been no means developed thus far to obtain water samples from 
tubes in which the maximum heat transfer occurs. As a result, 
we are somewhat in the dark as to the actual boiler-water condi- 
tions at these points of greatest evaporation. It is entirely 
possible for the silica to remain in solution throughout most of 
the boiler, and yet to precipitate in the solid phase at these local- 
ized points. Until we have a better understanding of the condi- 
tions under which silica precipitates, it would seem wise to reduce 
the silica concentration to the lowest possible value. 

From the standpoint of turbine operation, a study of a large 
number of plants indicates that if insoluble silica deposits on 
turbine blades are to be avoided, the soluble silica in the boiler 
water must not exceed 2 per cent of the total dissolved solids. 
From this standpoint as well, it is very desirable to reduce the 
soluble silica as low as possible. ; 

The results reported by the author are apparently based on 
laboratory tests, rather than full-scale plant operation. A note 
of caution should be sounded against attempting to apply labora- 
tory results directly to plant practice. The author has indicated 
that the reduction of silica is largely a physical process and, thus, 
the concentrations and character of the sludge are of prime 
importance. It is extremely difficult to reproduce in the labora- 
tory the conditions which normally exist in large-scale operations. 
It would be interesting also to have more detailed information on 
the chemical characteristics of the effluent following treatment for 
silica reduction. The hardness and alkalinity of the effluent, 
as well as the control required to obtain maximum silica removal, 
are important considerations from the standpoint of practical 
operation. 

This paper points out the effect of ionic magnesium on silica 
removal, and indicates this source of magnesium to be more ef- 
ficient and to require less than magnesium derived from sludge. 
This is not entirely true, since the ionic magnesium must precipi- 
tate from solution, usually as the hydroxide, in order to remove 
silica. In the process of precipitation, the magnesium passes 
from the soluble to the insoluble state through a colloidal phase, 
and the particle size of the precipitate during this process ranges 
from zero to a definite, measurable size. The paper indicates 
that there is a particle size of sludge which is more effective in 
silica removal than any other, and obviously, in the case of ionic 
magnesium, this state must be reached some time during the 
process. However, undissolved magnesium compounds may 
also exist in this favorable state, provided a suitable form of 
magnesium is selected and the proper conditions are maintained. 
With these requirements satisfied, the undissolved magnesium 
compounds may be equally as effective in removing silica, with- 
out the necessity of recycling the sludge. 

There is one inherent disadvantage in the magnesium dis- 
solver which tends to reduce its effectiveness as a source of ionic 
magnesium. As the sludge is recycled and brought in contact 
with low pH water, Mg(OH). will dissolve first. However 
this sludge also contains absorbed silica, the same as the waste 
sludge. ‘This silica will also dissolve in low pH water and, hence, 
the SiO, content of the incoming water will be increased. As a 
consequence, the magnesium requirements will continue to in- 
crease in proportion to the silica added from the recycled sludge. 

The author indicates that the removal of silica by magnesium 
is generally an adsorption process, but also states that it is 
possible this process involves other phenomena besides straight 
adsorption. Our experience confirms this thought, which is also 
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borne out by the fact that the efficiency of the process definitely 
increases with temperature. In a true adsorption process, in- 
creased temperature reduces the rate of adsorption. The author 
finds that, as the ratio of Mg:SiO, rises in the sludge, the residual 
silica in the effluent decreases. This would be true in the case 
of straight adsorption, but experience in the field shows that the 
Mg:SiO, ratio in the sludge does not necessarily determine the 
degree of silica removal. The state of the sludge material seems 
to be quite important, and this likewise is contrary to what we 
would expect of straight adsorption. It is also inferred that if 
magnesium sludge were left indefinitely in the sludge zone, silica 
would be adsorbed indefinitely. After the sludge has reached 
equilibrium there will be no further removal of silica from solution. 

Adsorption may be differentiated from precipitation by the 
fact that in an adsorption process no definite compound can be 
identified. It has been possible, however, by means of X-ray- 
diffraction analysis to identify certain combinations of mag- 
nesium and silica in the precipitated sludge. It is more likely, 
therefore, that removal of silica by magnesium is a combina- 
tion of both adsorption and precipitation. The factors favorable 
to both phenomena must be maintained in order to obtain the 
maximum effectiveness of the treatment. 

The effect of phosphate on silica removal with magnesium is 
well known, and it is interesting to learn that the tests reported 
by the author confirm this point. The fact that the phosphate 
ion interferes with the action of magnesium on silica is due in 
part to the respective solubilities of magnesium phosphate and 
magnesium silicate. It is also due to the blanketing effect of the 
phosphate ion, which is adsorbed by the magnesium along with 
the silica. This reduces the amount of silica which can be ad- 
sorbed by a given amount of magnesium. There is no doubt that 
the removal of silica, even from low-hardness waters, must be 
accomplished prior to the addition of the phosphate ion for soft- 
ening. 

The author makes an excellent point of the necessity for inti- 
mate contact between water and sludge for silica removal in the 
cold. It is very fortunate that the development of equipment 
designed for accelerated softening and clarification in cold water 
has been contemporary with the progress in silica removal. By 
providing this intimate sludge contact, these accelerated softeners 
reduce the time required for adsorption and provide the proper 
conditions for the removal of silica in the cold. 

The application of this process, like other water-purification 
methods, requires a knowledge of the chemical characteristics of 
the raw water. It is not a panacea for all silica troubles; but, 
when intelligently applied, offers definite assistance in combating 
soluble silica in boiler feedwater. 


AurTHoR’s CLOSURE 


It is particularly gratifying to have such copious and pertinent 
discussion on this important subject, because it directs attention 
to those phases which require further investigation for the benefit 
of all concerned. ' 

Messrs. Betz, Noll, and Maguire, and Mr. Joos call attention _ 
to the fact that the undissolved magnesium oxides on which data 
were presented in the paper do not appear to be as absorptive 
as other MgO products on the market. In this connection, it 
should be borne in mind that the primary focus of this entire 
paper is on’ various methods of silica removal which can be com- 
bined advantageously under various conditions to produce 
maximum silica removal at minimum cost. We were not at- 
tempting to present data on high-cost activated MgO products 
as we believe such data have been presented elsewhere by these 
discussers and some time previously by other investigators such 
as Wesly (see reference 42 in the Bibliography). This low-cost 
point of view is verified by the fact that Table 1 of the paper 
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states a price of 8 cents per pound for MgO, whereas the acti- 
vated MgO products to which the discussers refer are marketed 
at more than double this price. 

Another point on which there seems to be considerable con- 
fusion is the ‘magnesium dissolver”’ and its role in combining 
various methods of silica removal in an efficient low-cost process. 
Messrs. Betz, Noll, and Maguire, and Mr. Crossan seem to feel 
that this dissolver is not usually needed and that it adds undue 
complication to the operation of the plant. There is one impor- 
tant point to bear in mind in this connection, and that is that, so 
long as no CO; is added to the influent from any external source 
such as flue gas, the use of the magnesium dissolver does not in- 
volve either any increased operating cost or any additional 
operating control. This is fully discussed in the paper under the 
heading ‘Combined Use of Ionic Magnesium and Undissolved 
Magnesium Compounds,” on page 55. 

Mr. Tray has raised a question about the increase in silica 
content upon passing recirculated sludge through the magnesium 
dissolver. Actual tests show that the silica content of the 
treated water leaving the dissolver is not higher than that of the 
influent, while the use of the dissolver, as proved by experience, 
does reduce the final silica content without additional operating 
cost. 

There seems to be considerable difference of opinion on the 
effect of PO,ion. These opinions are apparently based on differ- 
ent test results rather than on different interpretations of similar 
data. Messrs. Betz, Noll, and Maguire, and Mr. Joos, feel that 
the PO, ion does not have any significant effect, while Mr. Tray 
agrees with us that it does. It is pertinent to mention here that 
previous investigators (Wesly, references 13 and 42 of the paper) 


also find that PO, ion interferes with silica absorption by MgO. 
These conflicting data indicate that either there are some in- 
correct measurements involved or that different waters act differ- 
ently in this respect. It is to be hoped that further parallel tests 
on various waters will clear up this question in due time. 

Mr. Tray questions the ‘silica tolerance’ and suggests the 
advisability of maintaining the SiO, concentration as low as pos- 
sible in the boiler salines. There is much to be said for his point 
of view. Furthermore, it makes it all the more desirable to com- 
bine all the advantages of ionic Mg precipitation, high Mg sludge 
concentration, recycling sludge through the magnesium dis- 
solver, and utilizing the cheapest possible source of magnesium 
to obtain the best results at lowest operating cost. This is 
particularly true in those cases where the quantity of water to 
be treated is large, so that the operating cost per unit of water 
treated is important. 

Some questions are also raised about the fact that this paper 
is based on laboratory tests. Although this point is well taken, 
it should be noted that special laboratory techniques were de- 
veloped (as described in the paper) to simulate long-term, large- 
scale tests, and these techniques were verified by operating larger 
pilot plant equipment over a long period. As a matter of fact, 
Mr. Crossan points out that one modification of our dolomitic 
lime process has been in successful operation at his plant for over 
one and a half years. It may be added that considerable further 
experience has become available since this paper was presented 
about a year ago, and these large-scale experiences further verify 
the conclusions drawn from the tests presented in the paper. 
It is intended to present these operating data in another paper 
in the near future. 
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